Vol. 69, No. 6 


Psychological Review 


Ricoarp L. Sotomon, Editor 
University of Pennsylvania 





CONTENTS 
ARTICLES 
Observations on Active Touch James J. Grsson 
A System for Shape Recognition...............+++: J. A. Deutsca 


Patterns of Adrenergic-Cholinergic Imbalance in the Functional Psy- 
Leonarp S. Rusin 


Success and Speed of Problem caaeeing, by Individuals and Groups 
Frank Restite AND James H. Davis 


THEORETICAL Nores 


The Molecular Basis of Memory and Learning 
MicHaet H, Sandee a anv G. Barrie Kitto 


The Untenability of Luce’s Principle Wrtu1am W. Rozzsoom 


Comments on Rozeboom’s Criticism of “On the Possible Ps 
CICRL LAW wid’ oc igec: s0cdeees Hhewiseyens R. Duncan Luce 


Comment Wittram W. Rozesoom 





This is the last issue of Volume 69. 
Title page and index for the volume 
appear herein. 





PUBLISHED BIMONTHLY BY THE 


AMERICAN PSYCHOLOGICAL ASSOCIATION, INC. 





Gorpon W. ALLPort 
Justin M. ARONFREED 
ABRAHAM TH. Black 
Donato M. BroverMAN 
Raymonp B. Catreiy 
Joun Garto 

Euvcene GALANTER 
Davi H. Grant 

G. Rosert Grice 

R. J. HergNnstein 
Micnart Kaun 
Leon J. KAMIN 


Editorial Consultants 


GarDNER LINDZEY 

R. Duncan Luce 
Rosert B. MacLeop 
GrorceE MANDLER 
Sarnorr A. MEpNICK 
O. Hopart Mowrer 
Conrap G. MUELLER 
ALBERT PEPITONE 
Cuartes C. Perkins, Jr. 
Cart PFAFFMANN 
Mark R. Rosenzweic 


Burton S. Rosner 
Wiu1am W. Rozesoom 
Haroip SCHLOSBERG 
Rocer N. SHEPARD 
Josten SHOBEN 
Moncarierr H. SmitH 
Kar. U. Smita 

Saut STERNBERG 
Patrick SuPpPES 
Warren S. TeorGerson 
WitutaM S. VERPLANCK 
Davin R. WILLIAMS 


(A large group of psychologists has kindly agreed to assist in the editing of 


manuscripts submitted to the Psychological Review. In each issue the Editor 
will list in the Review those editorial consultants who have helped him process 
manuscripts for that issue, so that their efforts may be gratefully acknowledged. ) 





The Psychological Review is devoted to articles of theoretical significance to 
any area of scientific endeavor in psychology. Except for occasional articles 
solicited by the Editor, manuscripts exceeding 7,500 words will not be accepted. 
Ordinarily manuscripts which consist primarily of original reports of research 
should be submitted to other journals. However, reports of original research may 
be included in a major theoretical article which attempts to integrate several related 
original studies. 


Because of the large number of manuscripts submitted, there is an inevitable 
publication lag of several months. Authors may avoid this delay if they are 
prepared to pay the costs of publishing their own articles; the appearance of arti- 
cles by other contributors is not thereby delayed. 





Manuscripts must be accompanied by an abstract of 100 to 120 words 
typed on a separate sheet of paper. The abstract should conform to the 
style of Psychological Abstracts. Detailed instructions for preparation of 
= abstract may be obtained from the Editor or from the APA Central 

ce. 











All manuscripts must be submitted in duplicate. 


Original figures are prepared for publication; duplicate figures may be photo- 
graphic or pencil-drawn copies. Authors should retain a copy of the manuscript, 
in case there is loss in the mail. Manuscripts should be addressed to the Editor, 


Richard L. Solomon, Psychology Department, 5 College Hall, University of Penn- 
sylvania, Philadelphia 4, Pennsylvania. 


Heten Orr 
Managing Editor 


Exvuasetnu S. Reep 
Advertising Manager 


Mary Susan Griett 
Editorial Assistant 


PusiisHep BIMONTHLY BY THE 
AMERICAN PSYCHOLOGICAL ASSOCIATION, INC. 
Prince and Lemon Streets, Lancaster, Pa. 
1333 Sixteenth St. N.W., Washington 6, D. C. 


$10.00 volume $2.00 issue 


Second-class postage paid at Lancaster, Pa. 
luding address changes, to 1333 Sixteenth St. N.W., Washington 6, D. C. 
the’ month to take efect the following month U 
will not be ; subscribers should the post office that 
copies must be made 


© 1962 by the American Psychological Association, Inc. 





VoL. 69, No. 6 


NOVEMBER 1962 


PSYCHOLOGICAL REVIEW 





OBSERVATIONS ON ACTIVE TOUCH’ 


JAMES J. GIBSON 


Cornell University 


Active touch refers to what is ordi 
narily called touching. This ought to 
be distingushed from passive touch, 
or being touched. In one case the 
skin is brought 
about by the perceiver himself and in 


impression on the 


the other case by some outside agency. 
The difference is very important for 
the individual but it has not been em 
phasized in sensory psychology, and 
particularly not in the experimental 
literature. 

Active 
rather than a merely receptive sense. 
When a person touches something with 
his fingers he produces the stimula- 


touch is an_ exploratory 


tion as it were. More exactly, varia 
stimulation are caused 
by variation in his motor activity. 
What happens at his fingers depends 
on the that he 
and also, of course, on the object that 
he touches. Such movements are not 
the ordinary kind usually thought of 
They do not modify the 
environment but only the stimuli com 


tions in skin 


movements makes 


as responses. 


Presum- 
they enhance some features of 
the potential stimulation and reduce 
others. 


ing from the environment. 
ably 


They are exploratory instead 
of performatory. In this respect, 

1 This research was supported in part by 
the Office of Naval Research under Con- 
tract NONR 401 (14) with Cornell Uni- 


versity. 
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these touching movements of the fin- 
gers are like the movements of the 
eyes. In fact, active touch can be 
termed tactile scanning, by analogy 
with ocular scanning. 

By means of active touch a great 
many properties of the adjacent en- 
vironment can be perceived in the 
absence of vision. The blind must de- 
pend on it for most of their informa- 
tion about the world (Revesz, 1950). 
Nevertheless, despite its importance, 
the “‘sense of touch’ (Boring, 1942, 
Ch. 13; Geldard, 1953, Ch. 9-12) has 
been studied by sensory physiologists 
only as a passive or receptive channel. 
It is treated as a part of cutaneous 
sensitivity. The sensitivity of the 
skin, which includes temperature and 
pain as well as touch, can be most 
easily investigated by the applying of 
stimuli to the cutaneous surface. At 
a perceptual level, Geldard (1957) has 
applied multiple stimuli to the skin and 
has thereby demonstrated some of the 
various “messages” that the skin will 
transmit but he is nevertheless con- 
cerned with a mosaic of receptors, not 
an exploratory organ. Katz (1925) 
and Revesz (1950) have argued, how- 
ever, that the hand is a kind of sense 
organ as distinguished from the skin 
of the hand. Katz began the descrip- 
tion of tactual experience as it occurs 
in life, and performed experiments on 
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some of the remarkable discrimina 
tions that are possible. Revesz, ob- 
serving the performances of the blind, 
proposed an unrecognized mode of ex 
perience called haptics which goes be 
yond the classical modalities of touch 
and kinesthesis. His interest 
philosophy and esthetics. 


is in 
These two 
seem to be almost the only investiga 
tors who have given much thought 
to what called active touch 
Their work has not been followed up 
by experimenters and the term itself 


here 


is 


has never been widely used, perhaps 
because it does not fit with the estab 
lished ideas of what constitutes a sense 

The relation of touch to kinesthesis. 
It seems to have been assumed by psy 
chologists that active touch is simply 
a blend of of 
kinesthesis proper. 


two modes sensation, 
and touch That 
is, touching merely combines the data 
from the feeling of movement and the 
feeling of contact, the two sensations 
This 
assumption, however, can be criticized. 
First, it fails to take account of the 


purposive character of touching and, 


being fused into one experience. 


second, it 
plicity of 

The fi 
touching 


fails to emphasize the multi- 
so-called kinesthesis. 

st objection is that the act of 
or feeling is a search for 
stimulation or, 


to obtain the kind of stimulation whicl 


more exactly, an effort 


yields a perception of what is being 
touched. When one 
thing with his hand, 
of the are 


organ 


explores any 
the 


purpe sive 


movements 
\n 
is being adjusted 
information. The 
of 


as well as sensing o1 


fingers 
the body 

for the registering of 

and 


of 


limbs extremities are, course, 


motor organs 
gans, whereas the eyes are only sens¢ 
organs, but the function of motor per 
formance to the 
function of exploratory adjustment in 


can be subordinated 


the case of the limbs 


Behavior theorists have recently 


been emphasi 711 g the 


importance of 
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called “‘feedback”’ 
from responses, or self-produced stimu- 
lation, or proprioception in general. 
They recognize that such inputs are 
necessary for the purposive control or 
steering of behavior. What they have 
not recognized is that of the 
stimulation produced by responses 
yields objective information well 
as subjective. The stimulation pro 
duced by sense-organ adjustment is 
of this sort. In active touch, as will 
later be suggested, the flow of stimu 
lation contains two components, 
exterospecific and one propriospecifi 
But these not 
traditional touch 
kinesthesis The hy 
advanced that the 
purpose of the exploratory movements 
of the hand is to isolate and enhance 
the of stimulation 
specifies the shape and other charac 


what is variously 


some 


ads 


one 


the 
and 


components are 
of 
respectively. 
will be 


sensations 


pothesis 


component which 
teristics of the object being touched 

A second objection is that the term 
kinesthesis itself means _ different 
things and should not continue to 
imply the existence of a unitary sense. 
Historically the word refers to move- 
ment of the body, and originally meant 
the “muscle sense.” But it is known 
that there is sensitivity to the position 
of the body and of all 
relative to another. This 
articular sense, not a muscle 
and the joints yield information about 
joint position as well as joint rotation 
(Goldscheider, 1898). Probably there 
is no of muscle contraction as 
such, the joint initiating the spatial 
information and the muscle spindles 


its members 


one is an 


sense, 


“sense” 


having only reflex coordinating func 
(Rose & Mounteastle, 1959 
There is sensitivity for the upright 
posture’ of the head, the linear and 
angular accelerations of the head, and 


tions 


a general “sense” of the equilibrium 


TI ot 


an 


of the body. lere is sensitivity 


some kind for the force exerted by 
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individual, whether or not this is ac- 
companied by hypothetical ‘‘feelings of 
innervation” (Boring, 1942, Ch. 14). 
There is also, of course, visual sensi 
tivity to the changes of position of 
one’s body in space. And there is pro 
prioception in general, however this 
may be defined, as well as somaes 
thesia. 

The single term “kinesthesis” 
not carry the burden of all the mean- 
ings that have been added to its origi 
It fails to do justice to 


can- 


nal meaning. 
different inputs, to different combina 
tions of these inputs, and to different 
functions of these combinations 
Types and subtypes of anatomical 
receptors involved in active touch. 
Passive touch involves only the ex 
citation of receptors in the skin and its 
underlying tissue, although the pat 
But 
touch involves the concomitant excita 


terns may be elaborate active 
tion of receptors in the joints and 
tendons along with new and changing 
patterns in the skin. Moreover, when 
the hand is feeling an 
movement or angle of each joint from 


objec t, the 


the first phalanx of each finger up to 


the shoulder and the backbone makes 
(nd 
a continuous input 
from the vestibular organs, along with 


its contribution these inputs 


occur relative to 
the cutaneous input from contact with 
the ground. Presumably the feeling 
of an object by the hand involves the 
feeling of the position of the fingers, 
hand, arm, body, and even the head 
relative to gravity, all being integrated 
in some hierarchy of positional infor 
mation 

The total flux of stimulation is enor 
mously complex, but lawful modes of 
combination occur. Presumably the 
modes of combination of these inputs 
specify the difference between touch- 
ing and being touched. Also certain 
combinations 
about the 


pré ibably 
object 


special 
information 


carry 
being 
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touched. In short, the so-called sense 
of touch as it is most often employed 
by using the hands involves the play 
of inputs coming from the whole 
skeleto-muscular system. Whether it 
sense or many is therefore a 
matter of dispute. It depends on what 
one wishes to call a sense. There is 
no single organ or structure analogous 
to an eve. There is no 
unique quality of sensation analogous 
to warm, cold, pain, sour, sweet, or 
red. Active touch does not fulfill the 
supposed criteria for a single sens 
modality. Nevertheless it provides a 
quite definite channel of information 
about the external environment. It is 
a type of perception that is isolable 
from vision, audition, taste, and smell, 
and it needs to be studied in its own 
right. 

Mechanics of cutaneous stimulation, 
proximal and distal. The literal or 
proximal stimulus for touch, the im 
mediate sort of de 
formation of the skin, not necessarily 
a simple depression of the surface as 
by a tactile “stimulator,” but almost 
any deformation of the elastic tissue. 
Pulling on a thread glued to the skin 
is just as effective a stimulus as push 
ing it in. The stimulus has to be a 
change in time, that is, a motion of the 
skin. Since the Nafe and 
Wagoner (1941) it has been suspected 
that whenever the skin becomes abso- 
lutely motionless even in some abnor 
mal conformation, the receptors cease 
firing and the stimulus becomes inef 


is one 


ear or an 


cause, is some 


we irk ( of 


fective. Outside of the laboratory this 


situation would be rare. A precisely 
constant pressure of an object relative 
to the skin would not occur, if only by 
reason of tremor or body sway. 

The cause of elastic change of the 
skin’s surface can be almost any me- 
Some work 


chanical event. must be 


done, even if slight, but the actual me- 
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chanical happenings are so various 
and complex that the textbooks of 
mechanics do not begin to describe 
them. A common event is impact with 
a solid substance, but a puff of air or 
a drop of water will do as well. In 
hairy regions of the skin, even the 
slightest bending of a hair gives a 
stimulus. Some of the types of me- 
chanical events that stimulate the skin, 
in terms of everyday physics, may be 
exemplified as follows. 


1. Brief events: pressure, push, slap, 
pat, tap, prick. Note that these vary 
in area as well as in duration. 

yA without dis- 

stretching, 


Prolonged events 
placement: vibration, 
kneading, pinching. 

3. Prolonged events with displace- 
ment: scratching, scraping, rubbing, 
sliding, brushing, rolling. Note that 
these moving deformations vary in the 
degree of friction between the two 
surfaces, and also in the degree of 
lateral stretching of the skin as well 
as the degree of vertical depression. 


scale 
micro- 


These are relatively large 
events as compared to the 
events that excite the actual end- 
organs imbedded in the tissue. But 
the latter are also mechanically com- 
plex. The in which mechano- 
receptors made to fire nervous 
impulses need not be considered here. 
The facts, so far as they are known, 
are to be found in the physiological 
literature. 

The external of these 
chanical events, the sources of poten- 
tial cutaneous stimulation, are the ob- 
jects and surfaces of the environment. 
They are at the distal end of a sequence 
that leads to the excitation of nerve 
An objective surface of some 
kind and the cutaneous surface must 
“touch,” either by movement .of an 
object with reference to the stationary 


ways 
are 


causes me- 


cells. 
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skin or by movement of the skin with 
reference to a stationary object. 
Contact with the substratum. The 
“sense of touch” is not ordinarily 
thought to include the feeling of cu- 
taneous contact with the earth. Never- 
theless, the upward pressure of the 
surface of support on some part of 
the body provides, for every terres- 
trial animal, a constant background of 
stimulation. It is covariant with the 
continuous input of the statocyst re- 
ceptors of the inner ear already men- 
tioned. Together they provide what 
the ordinary person calls the 
of support.” The axis of gravity and 
the plane of the ground provide the 
frame of reference for tactual 
space perception. Active touch, as will 
appear, yields clear perceptions of en- 
the 


“sense 


basic 


vironmental space in absence of 
vision, 

The touching of the substratum is 
neither active nor passive touch as 
defined above, i.e., neither the touch- 
ing of a stationary object nor being 
touched by a moving object. It is 
instead a registering the 
stable environment with reference to 
which both the movements of one’s 
body and the motions of objects occur. 


means of 


OBSERVATIONS OF THE ACT OF 
TOUCHING? 


In the simple experiments to be de- 
scribed, vision was always excluded. 


This was usually accomplished by 
having the seated observer put both 
hands under a cloth curtain at the 
front of a table, not by blindfolding 
him, or working in His 
manual activity could thus be observed. 


darkness. 


When an object of any sort is placed 
in the hand of the observer or when 


2 The collaborators in this work were 
Susan Stanley, Lewis Greenberg, and James 
The report has profited from a 
critical reading by Jesse Smith. 


Caviness. 
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his hand is placed on it, the following 
facts can be noted. He tends to bring 
the other hand to the object if allowed 
He tends strongly to curve 
his fingers around the object if per- 
mitted. He tends to move his fingers 
over the object in complex 
Some of these are: tracing movements 
with one fingertip or several fingertips, 
opposition of the thumb and other 
fingers, and rubbing, grasping, or 
pressing movements of the fingers. 
Finally, he tends to name the object 
if he can do so, or to compare it with 
a familiar object if he cannot. Non- 
sense objects are almost necessary for 
since the observer 
after recognizing 


to do so. 


ways. 


observations 
does not persist 
something. 

The observer seems to be trying to 
obtain mechanical events at the skin 
at various places in various combina- 


such 


tions. The movements by which he 
obtains them do not ever seem to be 
twice the same, but they are not aim- 
If the hand 
sense organ, he seems to be adjusting 
it. He appears to be searching for 
stimulus information. 

So much for the manual activity. 
Reports of experience during active 
touch can obtained. They 
tend to be radically different from 
reports of experience during passive 
touch. The following facts, noted by 
the writer, are confirmed by other 
observers in this experiment, or are 
consistent with earlier observations. 

Unity of the phenomenal object. 
When feeling a single object with two 
fingers, only one object is perceived 
although 
pressures occur. 


less. is conceived as a 


also be 


two separated cutaneous 
The separate “local 
signs” are not noticed. This holds true 
not only for finger-thumb opposition 
but for other combinations of 
fingers. The unitary perception oc 
curs when all five fingers are applied 


also 


to an object, and even when two sepa- 
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rate hands are applied to the object. 
In fact, 10 different digital pressures 
all at the same time yield a wholly 
unified experience. There are some 
limitations on this unity, as can be 
observed with Aristotle’s illusion when 
a pencil is held between crossed fing- 
ers, but even then it is very hard to 
overcome, by the writer’s introspec- 
tion. This fact needs further investi- 
wation. 

Stability of the phenomenal object. 
When sliding the skin over a corner 
or protuberance of an object, the dis- 
placement of the cutaneous pressure, 
the “tactile motion,” cannot usually be 
noticed. The object seems to remain 
stationary even though the impression 
moves relative to the skin. Not only 
the object but also the whole space 
of the table, chair, floor, and room is 
felt as perfectly stable. This phenome- 
non has been studied in an experiment 
reported in the next section. 

Rigidity or plasticity of the phe- 
nomenal object. When pressing a 
finger on a rigid surface or squeezing 
an object with the hand, it is difficult 
to notice the increase of intensity of 
cutaneous sensation; instead the ob- 
server is primarily aware of the sub- 
and its resistance. Likewise, 
when pressing or squeezing a nonrigid 
object (a lump of modeling clay, a 
rubber ball, a handful of cloth) the 
observer is aware of the yieldingness, 
elasticity, or softness of the substance, 
not of the (very different) intensity 
of the back pressure on the skin. This 
fact deserves further study. Presum- 
ably the degree of force exerted is 
being ‘registered by the joint-and-ten- 
don receptors and the resulting degree 
of skin-pressure is being registered by 
the cutaneous and deep-tissue recep- 
tors, but the intensities are not experi- 
Perhaps it is the rela- 
tion between these different intensities 
The proportion of 


stance 


enced as such. 


that is registered. 
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the other, and the relative 
temporal buildup of these two, are dif- 
ferent for rigid and for nonrigid 
objects. A possible hypothesis is that 
proportion and buildup are registered 
by the receptive system when it is 
operating in an exploratory fashion. 
stimulus-information 


one to 


They constitute 
about the object, 
ties as such do not. 

Shape of the 
When the corners, 
protuberances of a strange object are 


whereas the intensi- 


ob ject, 
other 


bhenomenal 


edges, or 


being felt, one can distinguish the pat 
tern which these make to one another 
but one cannot distinguish the pattern 
which the various cutaneous pressures 


make to one another. 
the object-form but not the skin-form 
in fact, continually 


One perceives 


The latter is, 
changing as the fingers move in vari 
ways. It is almost completely 
unreportable, whereas the pattern of 


ous 


physical corners and edges seems to 
This fact is 
extremely interesting and two experi 
from it will later be 


emerge in experience 


ments arising 
reported. 
Discussion. For all four of the 
perceptions desc ribed above. it is pos 
sible to perform a sort of control ex 
passive touch 
The experiences 
aroused are quite different For the 
first, two different pressures applied 
to two different loci on the skin of the 
two sensory 
For the second, transloca 
the stimulus the 
vields a perception of something mov- 
third, the 
intensity of skin-depression is report- 
For the fourth, a pattern 


periment substituting 


for active touch 


hand yield 
not 


tion of 


impressions, 
one. 
over skin 


ing. For the increase in 
able as such. 
of simultaneous pressures is detectable 
when it is pushed into the passive skin. 
In all cases the sensory impressions 
can be aroused by an experimenter 
but when the observer himself brings 


them about they seem to disappear. 
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DIFFERENT WAYS OF PERCEIVING 
Motion OF AN Osject By Toucu 


The objects of tactile perception 
considered so far have been essentially 
stationary, either resting on a table 
top or in one or both hands. 
can the motion of an object be per- 
ceived, and how can this be distin 
guished from the motion of the hand 
relative to the object? 


How 


Translatory motion over the skin 
The simplest case is that when the ob 
server's hand lies passively supported 
behind the curtain and an object of 
some sort is made to trace a path of 
The path, 
direction, and speed of motion could 


pressure across the skin. 


always be described relative to the 
skin. They could equally well be de 
scribed relative to the table top and 
to the space of the room. 

For these observations various in 
struments 


point, a blade, a rounded stylus, a soft 


were used, a sharpened 
brush, and the wheel of a map-measur- 
ing instrument. The could 
identify the kind of instrument used 
without He distin 
guished between brushing, rolling, and 


observer 


ever seeing it. 
rubbing, and also between the blade, 
the point, and the rounded protuber 
ance. There was always an objective 
component in the experience 
Friction at a single area of the skin. 
When a string is stretched 
region of the skin and then pulled in 


over a 


one or the other direction, the welocity 
study this 

he ; further, a yardstick slid 
phenomenon further, a yare stick shad 


is perceived. In order to 
ing in a track was constructed on the 
table top, on which the observer could 
lower a fingertip, the hand being sup- 
ported on an adjacent motionless block 
of wood. The ’ 
moved laterally by a rack-and-pinion 
gear attached to a silent variable-speed 


yardstick could be 


clutch and a constant speed motor. 
When the observer lowered his finger 
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on this surface, he could feel the stick 
and report whether or not it was ob- 
jectively moving, and the direction of 
He could estimate the 
speed and the amount of displacement 
over a given interval of time with some 
A speed of less than 1 mm. 
per second was detectable under these 
conditions. In this case there was no 
path of movement over the skin but 
only directional stretching and friction 
of a single patch of skin. 
no change in the “local sign” of stimu 
lated points. 
tion was that of a moving object. 
Passive rotation of the joints of the 
With the apparatus described, 
when the wooden support for the hand 
was removed and the fingertip was al 
lowed to rest on the yardstick, the 


the movement. 


success. 


There was 


Nevertheless the percep 


limb. 


observer could still report accurately 
whether or not it moved, the direction 
of movement, its speed and the amount 
of displacement. Such results are pre 
dictable from those of Goldscheider 
(1898, described in Geldard, 1953, Ch. 
12. See also James, 1890, Ch. 20). 
Only the receptors in the joints of the 
limb are stimulated. 
described, the joints of the 


In the situation 
finger, 
wrist, elbow, and perhaps the shoul- 
der are all involved. The perception, 
as before, was that of a moving object. 
\ naive observer would assert that he 
perceived the movement “by touch” 
although in actual fact the only cuta- 
stimulation was a deformation 
of the skin of the finger, unchanged 
except by reason of slight tremor. The 
behind 


neous 


whole forearm was invisible 
the curtain 

Xvidently three anatomically differ 
ent receptive systems, two in the skin 
and one in the joints, can be func- 
tionally equivalent for the experience 
of objective motion when 
stimulated by an 


they are 
passively external 
agency. 

Friction on the skin combined with 
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active movement of the arm. In active 
touch, one runs the fingers over the 
protuberances of the object. In this 
operation friction on the skin and ro- 
tation of the joints are combined, to- 
gether with voluntary contraction of 
the muscles. But in this case what one 
experiences is the movement of the 
hand, not an illusory motion of the 
object. We wished to make an even 
stronger test of this fact of phenomenal 
stability. Hence the apparatus was 
used to determine whether the motion 
of the yardstick, or its stability, could 
be detected while the finger was being 
actively moved along its surface, i.e., 
rubbed over it. 

The fingertip of the observer was 
placed at one end of the stick and he 
was required to move his hand slowly 
either toward the right or the left. 
During this active movement the ob 
ject was, on occasion, put into slow 
motion in the same or the opposite 
direction. It turned out that the ex 
istence, and approximate 
speed of the object could be perceived, 
as before. Introspectively, there ap 
peared to be a distinct separation of 
the movement of the hand from the 
stick. 30th of these 
separate displacements were perceived 
relative to the space of the invisible 
table top hidden behind the curtain, 
this being connected to the visible and 
tangible floor and chair. One can only 
conclude that the propriospecific com- 
ponent in the total stimulus input had 


direction, 


motion of the 


been separated from the exterospecific 


component, 
Discussion. The ability of an in 
dividual to distinguish objective mo 
tion from subjective movement is a 
theoretical puzzle of long standing in 
visual perception (Gibson, 1954). <A 
movement of the eyes is never con 
fused with a motion of an object even 
both involve what seems to be 


thougl 
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the same retinal stimulus. Evidently 
the problem is analogous in tactual 
perception, aichough the solution can 
hardly be quite the same. When an 
individual actively moves his hand 
relative to his body, and thus relative 
to gravity and the surface of support, 
he is in contact with the earth as well 
as with the object, whether it be mov- 


ing or motionless. A receptive sys- 


tem of higher order is excited during 
activity than the system during passiv- 
itv. Hence the stimuli which have one 
excitatory capacity for a receptive sub- 


system in passive touch will have a 
different excitatory capacity in active 
different specificity. The 
between stimulation of the 
A law- 


carries 


touch—a 
relations 
subsystems become significant. 
ful covariation of the inputs 
information different from that carried 
by isolation of the inputs, and yields 
different perceptions. Johannes Miil- 
ler’s law of the specific conscious qual- 
ity of each excited nerve is evidently 
much too simple. 

To lump one set of receptive sys- 
tems together as touch and another as 
kinesthesis, then, is to the 
function of the systems in combination. 
If both had their own unique quality of 
experience there would be some justi 
fication for the traditional belief in 
separate senses, but they do not. Ana- 
tomically different receptors may serve 
the same function and arouse the same 
experience, and, moreover, may serve 
different functions in different combi- 
nations. It might be better to drop 
the term sense and speak instead of 
“esthesic systems.” . 

It should be noted that nothing 
has been asserted about performatory 
movements of the hand, as when an 
object is relocated or a tool is wielded. 
The perception is then subsidiary to 
action and the receptive systems take 
on still another function not here con 


ol scure 


sidered. 
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PERCEPTION OF THE TEXTURE, SUB- 
STANCE, AND SHAPE OF AN 
Osjyect sy Toucu 


Katz (1925) showed that the tex- 
ture of a solid substance could be per- 
ceived by touch if there was relative 
motion between the surface and the 
skin. Ordinarily this means rubbing 
the fingers over the surface; perpen- 
dicular motion very much less 
effective than lateral motion. A sub- 
stance could be identified by its tex- 
ture; the observers could distinguish 
a dozen kinds of paper including blot- 
ting paper, wrapping paper, and writ- 
ing paper. Katz demonstrated 
the perceptibility of other physical 
properties of a surface besides rough- 
smooth, including soft-hard, and vari- 
ous kinds of plasticity, elasticity, or 


was 


also 


viscosity. 

Katz was primarily interested in the 
fine structure of the surface of an 
object, and the substance of which it 
was composed. He had 
about the shape of a substance, which 
is perhaps the main characteristic of 


less to say 


an object. Active touch, however, is 
an excellent channel of spatial infor 
mation in that the arrangement of sur 
faces is readily picked up. The solid 
geometry of things is best got by feel 
ing them. 
illustrate this assertion 


A number of observations 


Curvature as against planarity of a 
surface. Departure of a surface from 
the plane can be judged by an observer 
either by holding hand against 
the surface or by running his fingers 


his 
over it. The opposite qualities of con 
vexity and concavity are immediately 
given. On a smaller scale, protuber 
ances or indentations on a plane sur 
face are identified, and this acuity is 
taken advantage of in Braille. More 
over a surface with positive curvature 
on one axis and negative curvature on 
the other is perceived as saddle-shaped 
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all these judgments 
been measured. 


The accuracy of 
could be but has not 

Slant of a surface with respect to 
gravity. When the observer's hand 
is placed on an adjustable palm-board 
outside the field of view, it is found 
that he can judge its slant with pre- 
cision. He can nullify this slant and 
adjust it to a normal plane. This 
holds for all three planes of space, the 
frontal, the saggital, and the _hori- 
zontal. Variable and constant errors 
for settings to the normal plane seldom 
exceed 2°-3°. Furthermore, the slant 
of a surface that is visible only can 
be equated to the slant of a surface 
that is tangible only. The cross-modal 
matching of slant is accepted as nat- 
ural by all observers, and the manual 
judgment can be used as a criterion 
of visual perception (Gibson, 1950). 

When the palm-board is maintained 
at a slant from the frontal upright 
plane for some time, “normalization” 
seems to occur, and a negative after- 
effect this respect, the 
tangible slant of a surface behaves like 
the visible slant of a surface (Berg- 
man & Gibson, 1959). 

Parallelity of 
pair of adjustable palm-boards is held 
between the two hands, behind a cur- 
tain, they can be adjusted to the paral- 
lel position with small errors. The 
divergence or convergence of the two 
planes are felt as opposite qualities of 
a simple spatial experience. This di- 
mension is also susceptible to normal- 


ensues. In 


wo surfaces. If a 


ization; after a few minutes of feeling 
divergence (say) the setting accepted 


as parallel is found to have shifted 


several angular degrees toward diver- 
gence. This fact has been studied in 
detail (Gibson & Backlund, 1963). 
Distance between two surfaces. The 
span of the hands holding an object 
between them is experienced vividly. 
The tangible extent can be matched 
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with a visible extent or vice versa. 
Likewise the distance between the 
thumb and one or more of the opposa- 
ble fingers is perceived, and is accu- 
rately matched with the width of a 
visible object. According to Kelvin 
(1954) the cross-modal size compari- 
son is made with no less accuracy than 
either unimodal size comparison alone. 
The finger-span of one hand can be 
immediately felt as equal or unequal 
to the finger-span of the other hand, 
and this comparison has been utilized 
by Kohler and Dinnerstein (1949) in 
studying a phenomenon they termed 
the kinesthetic figural aftereffect. In 
the many repetitions of this experi- 
ment the equivalence of the two hands 
for perceiving a spatial extent seems 
to have been taken for granted without 
its being studied in its own right. 

Plane-angle, or edge of a surface. 
To exploratory touch, a junction of 
two planes constituting an edge is very 
noticeable. The angle is perceptible 
as varying from sharp to dull. At the 
extreme case of a knife-edge, sharp- 
ness is more accurately judged by 
touch than by vision. 

Edge-angle, or corner of a surface. 
Where two edges intersect, or where 
three or more planes adjoin, a corner 
is produced. In the case when the 
angles of a convex corner are acute 
it is apt to be called a point. Corners 
and edges seem to be the main identi- 
fying feature of many objects. The 
fingers appear to seek them out and 
explore them. 

Discussion. Planarity, curvature, 
slant, parallelity, span, edge, and cor- 
ner may be conceived as variables of 
solid geometry. They are all percep- 
tible to active touch, and appear to be 
simple qualities of experience. Since 
they are amenable to physical meas- 
urement, psychophysical experiments 
would be possible, but few have been 
performed. 
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TACTUAL ] 
A Com! \} 


AND |’ASSIVI 


The study of the 
je cts by toucl 
fined to inve stigations of 


perception or ob 


] 


peen largely con 


as 
two dimen 
the 


with passive stimulation (e.g., 


sional form or pattern on skin, 


& Barrett, 1927) They are 


tradition of experiments on cutaneous 


localization and the two point thresh 
old, the assumption being that the skin 
is first of all a receptor mosaic with 
patterns of excitation being projected 
to the brain 
the skin were called 


depending on 


The forms pressed int 
solid or outline 
whether the edges of 

metal strip 


better 


surface or the edges of 
used; the latter 
discrimination. The identification of 


were vave 
forms in this manner is not very a 
there 1 


“WT and 
( ite, and 


is some uncertainty 


1 about circles, squares, and tri 
ingles. 

Everyone knows, however, that a 
better way to perceive a thing of this 


sort is to run one’s fingers over the 
edges. The fact is often taught to be 
ginning students, and is even demon 
strated in laboratory exercises (Lang 
feld & Allport, 1916) but a 
literature faile 
Lashley (1951), f 
as if it were commor 


1e same shape which 


search o 
l 


+ 


the experimental 
locate its source. 
example, asserts 
knowledge that t 
can 
passive touch “can 


*41 
with 
with 


distin 


scarcely be distinguished 
readily be 
guished when explored by tactile scan 
ning” (p. 128). An experiment was 
performed to quantify this assertion, 
for it could be 


tactual forms 


since no authority 
Each of a 


found set of 
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C3 9 


be identified by touch 

had to be matched to its visual equiva- 
lent. The with which this 
could be done was compared when the 


accuracy 


form was pressed into the palm of the 
hand and when it was held above the 
palm and explored by the fingertips. 


Vethod 


bent 
etal strips with handles, the edges having 
Figure 1. They 
cutters” with a mean 

The six were 
different in about 
had the same 
subject 
and the 
drawings hung 
him He then 
palm up on the table behind 
either touched by the 
allowed to touch it for sev 
It the 


and relax his hand; in the 


l ¢ S( 


urces ¢ stimulation were 


he forms shown in were 
t small 
ter of 1 incl 


mutually 


“cookie 


ame used 
chosen for being 


degree No two 
points. Each 


e same 
number of corners or 
shown the set of stimulators 


equivalent set of numbered 


the curtain in front of 


his hand 


and was 


put 

e curta 
one condition, he was 
i to open 
upward and pre- 
then had to 

The stimu- 


ted in the 


ip the fingers 
el the edges He 
e form by number 
not necessal! ily 
rientation as the drawing 

presented five times 
but the subject was told not to expect 
frequencies) and under two conditions, 
> a total of 60 trials The ordet 


random. No preliminary practice or knowl 


preset 


ix forms were 


was 


edge of results was given. Twenty subjects 


ere tested 


Results. A chance level of judg 
ments would be 1/6 or 16.7%. For 
passive touch the mean frequency of 
For active 
95% 


correct matches was 49%. 
touch the mean frequency was 
The difference is significant 

In the active condition, the subject 
was permitted to explore the edges in 
any manner he chose. One style was 
to use all five fingertips simultaneously, 
another was to move the tip of the 
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around the edge, and 
intermediate. \ll 


jects, however, actively 


index finger 
sub 
their 
fingers and thus obtained relative mo 


others were 


moved 


tions between the skin and the object 

In the passive condition, the form 
was pressed down on the palm by 
manual action of the experimenters so 
that a certain amount of unsteadiness 
inevitable. 


was \When subsequently, 
with 20 different subjects, a mechani 
cal lever system was used to apply the 
stimulation the mean frequency of cor 
rect matches fell to 20% 
Some subjects reported that they 
tried to count the number of corners 
or points they could feel, and that this 
was easier with the active than with 
the passive condition. 


Discussion \ 


been verified but, 


belie f has 
] 


in a sense, no claim 


common 
can be made for the conclusiveness of 


the comparison It could be argued 


that the fingertips are more “sensitive” 
meaning 
two- 
true 


than the palm of the hand, 
tl and the 


This is 


it localization is better 
point threshold lower. 

The comparison is not very meaning 
ful. The real point of the experiment 
is that tactual form perception in one 
meaning of that term does not depend 
on the pattern of local signs on the 
skin. If any number of fingertips 
from one to five can be used indiffer 
ently, the chaotic pattern of local signs 
resulting can hardly be the sole basis 
With active touch 
no forms existed on the skin, but only 


of the perception. 
a changing pattern of pressures. [vi 
dently the registering of “form” by 
touch is not as straightforward a proc 
ess as experimenters have supposed 
\nother experiment may help to clar 
ifv the matter. 
TRANSPOSABILITY OF FORM ON 
THE SKIN 
Gestalt 
the fact that a form can be moved over 


theorists have emphasized 
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the retina, completely changing the set 
of receptors stimulated, without chang 
ing the perception. The 
to perception of the anatomical pattern 
The 


contribution 


of excitation becomes a puzzle. 


same is true of the skin. 
Along with the experiment just de 
scribed, another was carried out at the 


same time in order to compare passive 
perception 
moving form perception. In 
trials the cutter,” 
simply being pressed into the palm of 
the hand, was pressed and continually 
rotated and counterclock 
wise with a twisting motion. The 
skin was stimulated in 
the same 
receptors were available, 
latter the form of 
changed from one instant to the next 

Judgments of the form of the object 
were when it 
tated than when it was not, the 
frequencies of correct matches being 
and 49%, respectively. The dif 
ference is significant at the 2% 
lo the writer’s introspection, the cor 


static form with passive 
these 


“cookie instead of 


clockwise 
same area of 
hoth anatomical 
but in the 
stimulation 


and 


cases 


case 


more accurate was TO 


mean 


7 >¢ 
4a fC 


level. 


ners of the object seemed to “stand 
out” better when it was twisted. In 
short, the form of the object seemed 
to become clear when the form of the 
skin-deformation was most unclear. 
Discussion, Continuous change of 
the proximal stimulus with no change 
of the rigid object constituting th 
source of the stimulus is an old prob 


Why does 


the perception correspond to the form 


lem in visual perception. 
of the object instead of to the form of 
the stimulus? [Evidently a quite simi 
lar problem arises for tactual percep 
tion. The paradox is even more strik 
ing, for tactual perception corresponds 
well to 
the formless, and 
less well when the stimulus is a stable 
the form of the 
A clear unchanging percep 


the form of the object when 
stimulus is almost 
representation of 
object. 
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tion arises when the flow of sense im 
pressions changes most. 

It might be that 
have as its primary function the regis- 


the skin does not 


tering of form as this has usually been 
conceived. Impressions of form and 
location relative to the skin might be 
quite separate from and incidental to 
the 
The informative stimuli might 


the use of extremities as sense 
organs. 
well be incorporated in the seemingly 
complex motions and transformations 
of the skin. 


of separation and proportion 


There must exist relations 
which 
remain invariant over time, and which 
are specific to the object. They do 
not represent the shape of the object 
The solution to 
the problem of object perception in 
touch then be that 
change in the proximal stimulation is 


but they specify it. 


would continuous 
accompanied by nonchange, that is, the 
set of invariant relations. The former 
is not noticed; the latter is separated 
out and attended to. 

The role of exploratory finger move- 
ments in active touch would then be to 
isolate the to dis- 
cover the exterospecific component in 
the Only thus 
could the above paradox be resolved. 


invariants, that is, 


flux of stimulation. 


RELATION BETWEEN TOUCH 


AND VISION 


A number of similarities and differ 
noted in the 
between active 
Many of 
these have been pointed out before by 
(1925, 


ences have been course 


of these observations 


touch and visual perception 


Katz 
1935) but a few of them have not pre 
viously been emphasized. 

Surface perception. Solid surfaces 
are tangible and This can 
only be because they have mechanical 


other observers such as 


visible. 


inertia in the first place, and because 
they reflect light with scattering in the 


second place. (A few visible surfaces 
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such as smoke are not tangible and a 
few tangible surfaces such as_ plate 
glass may not be visible, but most sur- 

The physical texture 
the kinds of 
roughness, can be observed either by 
The color of a 
surface is visible only, not tangible, 


faces are both. ) 


of a_ surface, various 


vision or by touch. 
and consequently the pigment-texture 
of a surface (the differential coloring 
of marble or of a picture) is the same. 
On the other hand, 
ble temperature is 


if color is intangt- 
Each 


sense has its special sensitivities to the 


invisible. 


properties of a surface but they also 
have some in common. The bark of 
a. tree looks rough without touching 
it and feels rough without seeing it 
The expert can identify the tree by 
either sense alone. 

The 


tends for miles of course, and the tan 


visible array of surfaces ex 
gible array only to the length of man’s 
arm. But if surfaces determine space 
perception, both touch and vision are 
spatial senses 

Object perception. A detached solid 
substance with a topologically closed 
surface is perceptible as such to both 
the hands and the eyes. By virtue of 
physics, the eyes’ can encompass the 
closed contour of a very large object 
(depending on its distance) while the 
hands can explore only the surface of 
an object of limited span. The unity 
f the visual perception is said to be 
the 
nomenon, the simultaneous registering 
of the the 
unity of the tactual perception has to 


based on “figure-ground” phe- 


whole contour, whereas 
be based on either cutaneously sepa 


rated impressions or on_ successive 


impressions, Vision is said to register 
the front surface of an object 
while touch the 
the back at the same time. In t 


only 


registers front and 
} 


nese 


respects vision and touch seem to dif 


fer. Nevertheless these contrasts are 


exaggerated; succession enters into 
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the operation of both senses The eves 
normally fixate in succession just as 
the fingers explore in succession. With 
two eyes, and by changing one’s stand 
point, more of an object than its front 
surface 1s perceived, As regards the 
unity of separated impressions from 
the two hands, there is a visual anal 
ogy in the unity of separated impres 
sions from the two retinas 

Spatial properties of objects. Cer- 
tain variables of the shape of a de 
tached object, slant, curvature, edge 
nd corner are independently visible 
and tangible. The equivalence of the 
two modes of judg 


ments of the object is such that dif 


perception for 


ferences got by one sense are equated 
the other. The 


these cross 


to differences got by 
stimulus information for 
modal judgments, one depending on 
mechanical and the other on luminous 
energy, might seem hope lessly discrep 
ant, but the fact is that the judgments 
an be made. 

Whether both vision and touch can 
form is an ambiguous ques 


The 


what is meant by 


registe! 
tion, as the experiments showed. 
nswet! depends on 
form Drawings and pictures on 
sensed only by vision. 


he ¢ dg 


flat surface are 
es of an 
sensed by both 
The tan 
visible features of 
solid 


The conformation of t 
object, however, 1s 
vision and active touch 
things 
(slant, 


corner) did not seem 


gible and 


geometry 


abstracted by 
] 


curvature, eage, 
any more complex to introspection 
than the 


things 


solely visible features of 


abstracted by plane geometry 


(triangle, square, circle). 


\ new set of shapes has now been 
devised for the study of object percep- 
They 
sculptures, or 

plastic, the 
curved, with no planes, edges, or cor 
intended to be felt 
with two hands (and are called “feel 


tion by active touch. consist of 


ten solid free-forms, 
made of surfaces being 


ners. They are 
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\pproximately one-half of each 
surface (the “rear’”) is convex; the 
other half (the “front’’) [ 
six convexities with intermediate sad 
In general, there 
are five protuberances around a cen- 
tral protuberance, but no object is 
either radially or bi- 
They cannot, therefore, be 
another by 
Each is readily discrimi 


ies’). 
consists of 


dles or concavities. 


symmetrical, 
laterally. 
distinguished from one 
counting. 
nated from every other by vision of 
the “front” 
mutually distinguishable by feeling, al- 
though with some error and hesitation 


surface. They are also 


for an unpracticed observer. 

Replic is of the ten objects are avail 
able, made from the same molds. It 
is therefore possible to present one 
object to the hands and the same or a 
different object to the eyes simultane 
results indicate 


ously. Preliminary 


that the cross-modal matching of these 
novel preceptions is possible even for 
a naive observer, and that practice can 
bring about errorless judgments in all 
observers so far tested. 

Passivity and activity in touch and 
In passive touch the individual 
makes no voluntary movements. Simi 
larly, in passive vision he makes no 
eye movements, which means that he 


VISION, 


must voluntarily fixate his eyes on a 
the experimenter. 
is natural to an individ- 
tactual situation, the ob 
server will explore with his fingers 
unless prevented and, in a visual situ- 
ation, he will explore the focussable 
light, accommodating, con- 
verging and pursuing. Both 
are normally active. The passive stim- 
skin or the 
necessary for the study of the receptor- 
cells in the skin or the retina, but the 
experiences resulting are atypical. 
and looking the 
observer reports experiences of a quite 
different order. They correspond to 


specified by 
Neither state 
ual. In a 


point 


fixating, 


senses 


ulation of the retina is 


In active touching 





the environment instea 


events at the sensory surfac lhe 


experiences noted with passive stimu 


lation can scarcely be noticed, if at 


all, The effective stimuli are presum- 


ably different, being relations and 


combinations selected from a flux of 


potential stimuli. Moreover, the ex 
periences of active touching and look 
they 


introspection than 


ing are more nearly equivalent; 
are more alike to | 
those of passive touch and visio1 

the foregoing survey 
vision and touch have 
hen Shear are 
conceived as channels for pu mad 
meaningless sensory data. When they 
are conceived instead as channels for 
information-pickup, having active and 
exploratory sense organs, they have 
much in common In some respects 
they seem to register the same 
and to vield 


experiences 


mation the sai 
nomenal 


CONCLUSIO> ND SUMMARY 


\ series of observations, both intr 


spective and behavioral, confirms. the 


distinction bety 1 touching and bein 


touched. The - is a channel for 


a great variet mation about 
+] 


he environment, but whether it sl 


be considered on § 2 senses 1S 


1 matte simple 


formula th: onsist if passi 
touch plus kinesthesis is insufficient 
The hypothesis of two components of 
stimulation, one exterospecifi 
propriospecific, is more promising 
Many properties of surfaces and ol 
jects can be registered by active touch 


judgments can 


Che accuracy 
be measured and formal experiments 


’ 
are needed. Che observations suggest 
‘ o a4 ¢ 
that the variapvies OF § hid 


geometry 
than 
constancy is 


can be more profitably studied 


those of form. Object 


characteristic of tactual perception. In 


several respects, tactual and visual 
perception are alike. 

In general, experimenters have not 
realized that to apply a stimulus to an 
observer is not the same as for an 
Obtain 
able stimuli can be controlled and sys 

just as 
Psychophysical ex 
tactual 
perception as well as for cutaneous 
sensitivity if appropriate methods are 
devised for controlling the obtainable 
stimuli 


observer to ob/ain a stimulus. 


varied, applied 


stimuli can be. 


tematically 


periments are possible for 
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A SYSTEM FOR SHAPE RECOGNITION 
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In this paper it is suggested how cer- 
tain morphological features of the his 
tology of the visual system may on sim- 
ple assumptions function to discrimi 
nate distance, angle, For 
the purposes of this paper shapes can 


and shape. 


be regarded as a derivative of distance 
between points on the contours and 
also as a derivative of the angles be- 
tween parts of the contour. It is diffi 
cult to know whether the human 
case it is the relative distance 
the cues from ang] 
relied upon. In the case of a visually 
more primitive organism, sucl t! 
rat, though it is known that it can dis 
distance 1 also relative 
size, abilities to discriminate the 
angle of one line to another or the cur 
vature of lines re It 
therefore entirely such 


in 
cues or 
es which 


are more 


as ec 


criminate ane 


its 


1 
I 


lains untested 


1 S 


possible that 
to 
If this is 


animals lack a mechanism enable 
them to discriminate angles. 
the case the shape discriminatory abil 
of based 


mainly on comparisons of relative dis- 


ities such rganisms are 
tance between contours 

It would seem likely that in discrimi 
nating shape animals utilize prior infor 
mation available in the nervous system 
about distances between contours and 
about angles between contours also 
However, the basis of the capacity to 
estimate two 


points in the visual field or the angle 


distance between any 


between any two contours in the visual 


field is obscure. If we wish‘ mechani 


cally to assess the relation between two 
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sych Stanford University 


} 
NO”, 


° i . 
things or events such as the distance 


between two points, it is necessary 
(though not sufficient) that these two 
things or events jointly determine some 
third event. 

On the face of it, a system of fixed 
connections to be 
uneconomical in the number of 
tural elements which would have to be 


would appear ver\ 


struc 


employed to assess distance (Suther 
land, 1959). 
fore been made to decrease the number 


Suggestions have there 


of elements required to relate visual 
points or contours so that they can 
jointly third 
One such way is to transform distance 


letermine some event. 
in space into distance in time by some 
kind of moving process, a notion famil- 
from television. One such sugges 


iar 


tion of scanning from fixed coordinates 
external to the shape to be analyzed 
ha from Dodwell (1957) for 
the and Deutsch (1960) for the 
octopus. Deutsch (1955, 1958, 1960b ) 


has suggested that such a conversion of 


come 


rot 
bat 


distance into time is effected not by 


scan external to the shape to be ana 
lyzed but by a wave of excitation prop 
agated by the contours of the shape 
itself. 
However, further investigation of 
the problem has led the writer to the 
conclusion that a system relying on a 
conversion of spatial separation into 
temporal interval is not necessary. For 


instance an examination of the neur 

histological data concerning the zona 
plexiforme of the deep retina in the 
octopus has led him to postulate a sys 
tem for shape recognition which does 
not rely on these principles (Deutsch, 
1960a), though no functional fixity of 
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connections has been postulated 
There is good correspondence between 
this system and what can be seen of the 
striking morphology of the zona plexi- 
forme and the properties of the shape 
discriminating system of the octopus as 
they have far. 
However, the shape discriminatory ca- 
pacities of the octopus are different 
from found among the verte- 
brates. It seems nevertheless that even 


been ascertained so 


those 


in other cases besides the octopus it is 
possible to devise a system of reason- 
able economy in which the principle 
of transforming distance into time is 
not necessary. 


SPECIFICATIONS FOR A BIOLOGICAL 
SHAPE RECOGNIZING MECHANISM 


In a previous paper on the subject 
(Deutsch, 1955) the present author 
enumerated some of the peculiarities of 
shape recognition in animals which a 
theory should explain. These peculi 
arities are not common to all animals, 
such as the octopus, and here special 
theories (such as 
Deutsch, 1960), but these peculiarities 
appear to be those of the general case 
(Unfortunately 


are necessary 


of higher vertebrates. 
the experimental evidence in this field 
leaves much to be desired. But if it is 
argued that the properties set down 
below have not been established experi- 
mentally to be the case, then we can re- 
gard the properties listed below as 
predictions instead from the theory 
from which they are deducible.) 

These are-some of the abilities that 
a system must have before it can be 
considered a theory of shape recog- 
nition, 

1. It must be able to produce the 
same output independent of the loca 
tion of the image on the receptor sur 
face. Shapes retain their identity in 
spite of changes in their position in the 
visual field. 
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2. The must produce the 


same output independent of the rota 


system 


tion of the shape on the receptor sur- 
face. (For some of the evidence on this 
point see Gellermann, 1933, 
Deutsch, 1960b). 

3. A similar output should be given 


for the same geometrical shape of dif- 


and 


ferent sizes, but in such a way that 
transfer to a larger shape is more effi- 
cient than transfer to a smaller shape. 

+. Mirror images should produce an 
identical output. They cause great dif- 
ficulty in discrimination in animals and 
children and are readily confused even 
by adults 

It should at this stage be emphasized 
that only a partial set of visual classify 
ing mechanisms is being suggested. 
The fact that we can perform visual 
discrimination of the tilt, position, or 
brightness does not constitute a dis 
of distance, angle, 
It is clear that 
such 


proot of a theory 


and shape recognition 


the mechanism which classifies 


properties per se must be discarding 


information about tilt, position, or size. 
an abstracting mechanism 
The fact that an ani 
other 


properties besides these simply means 


It must be 
par excellence. 
mal can visually discriminate 
that it is also possessed of other visual 


mechanisms. . Therefore, if an animal 
can be shown to discriminate between 
two stimuli this does not disprove the 
notion that a particular system is not 
to be found inside the animal; it could 
be supplemented by another mecha 
nism. On the other hand an inability 
to discriminate, which would be 
dicted by the theory, would tend to 
support it as would a tendency to trans 
fer to other stimuli, identical on the 
theory, even where discrimination can 
be taught. 

Let us begin by examining a neuro 
histological picture (Figure 1) of the 
bee's optic lobes (from Cajal & San 
1915) 


pre 


chez, which gives a_ structure 
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Neurohistological picture of the 
bee’s optic lobes. 

well suited for the transformations to 
be postulated. 

As all the authors have recognised, the 
plexiform mass of this lobe appears to be 
concentrically furrowed, by means of con 
centric bands, of a finely granulated aspect, 
which appears to Rad! to constitute the ana- 
tomical characteristic of the 
of the animal series, and which remind not a 
little of the plexiform layers of the optic 
lobes of the fishes and batrachians, so mi 
nutely described by P. Ramon (pp. 99-100, 


visual centres 


author’s translation) 


Such a structure is not unique to the 
bee, though the particular section here 
is unusually good for the 
lustration. It is to be 
the lobe hori- 
zontal layers, three of which are indi 
cated (at g, p, and i). 
not in the section, | 


purpose ot il 
observed that 


is divided by various 


The retina is 
wut fibers 
are shown proceeding from the dire: 
tion of A left-hand 
which enter the lobe at 


from it 
( upper cornet 

right angles t 
the horizontal layers after crossing at 
the chiasma. It can be that in 
the first layer to be reached by the 
retinal number of termina- 
tions is large, and the size of the termi 
nal arborizations is small I 


seen 


fibers the 


compari 


son with those further i: 


Krom this it is possible to infer that in 
this layer is preserved information 
about the activity of a larger number of 
ommatidia than in layers further in and 
also that the ommatidia which are rep 
resented in this laver are closer neigh 
bors to each other spatially in the eve 
than those represented by fibers which 
The 
fibers proceeding from the retina en 


terminate on subsequent layers 


tering further layers are fewer, pre 
sumably from points further apart on 
the retina, and their terminal ar 


borizations are larger than in the pre 


vious layers, thus giving scope for 
interaction over a wider angle. So it 
seems that as we go inwards from the 
retina, progressively fewer fibers cross 
each horizontal layer and even though 
the fibers are converging (because of 
the concentric arrangement of the lay 
ers) the extent of the terminal arhori 
zation at each level progressively 
Increases 
Given such an anatomical arrange 
ment, we need to make some assuny 
tions about how the parts behave in 
order to speculate about the functions 
of this The 
sumption which is necessary is that the 


arrangement only as 
fibers in each horizontal layer act as 


spatial summators We need onl 


postulate that if two incoming retinal 
fibers which are 


spatially contiguous 


are also simultaneously excited, then 
this will excite fibers in the horizontal 
layer. The sum of the excitation gen 
erated in this manner in each laver will 
reflect the number of neighboring fibers 
active 


that are simultaneously 


As the fibers which are neighbors in 
are drawn from an 


further 


the various layers 
distances progre ssively 
there will be 
terns of activity emerging from the 


cular 
apart, distinctive pat 


horizontal layers depending on the 
distribution of 
breadths of 


uniform excitation of all the 


widths and 
totalls 


\ isual ele 


overall 
visual areas. \ 
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ments will cause maximum activity in 
all the horizontal layers. A visual field 
composed of contrasting areas each of 
which spans that angle of field from 
which one receptor is selected to end in 
a particular horizontal laver will pro- 
this 
In such a case, alternate fibers 


duce a minimum of activity in 
layer. 
ending in this layer will be inactive, 
and so spatial summation will not oc 
cur. As we inspect the output from 
horizontal layers which sample closer 
neighborhoods, the rate of activity in 
these will increase as we move away 
from the laver in which activity is at a 
minimum. The same will occur as we 


move in the other direction where fi 
bers drawn from more distant points 
end in horizontal lavers further down 


The system so far described will per 


form a kind of crude autocorrellogram 


area with itself, indicating the 
number of times 


ot an 
a given size 
Each 


horizontal layer performs this task for 


areas of 


repeat regardless of direction 


an area of one approximate size. 


Therefore, a uniform excitation of th 
whole visual field should produce 

maximum of excitation on all lavers 
On the other hand 


squares of a certain size should cause 


a checkerboard with 
great lower <citation in one par 
ticular horizontal layer, as the repeti 
tion frequency (taking all directions to 
gether ) of an excited area will of neces 
It can be seen that the 
system described for the bee could not 


perform the type of discriminations t 


sity be small 


for instance How 


ever, we have supposed, in order to be 


be seen in the rat, 


economical in our assumptions, that it 
samples receptors from gradually in 
creasing distances at each laver. It is 
evident that such a system would per 
form very poorly when confronted 
outline 
dealing with regularly repeated blobs 


tallies with 


with shapes and best when 


or stripes. This property 


what is known of the bee's visual abil 


SHAPI 


495 


RECOGNITION 
ities. It is not supposed that the verte- 
brate system is of precisely the same 
type. The example of the bee is 
quoted in order to show that the kind 
of structure necessary to perform our 
postulated transformation is a biologi- 
cal possibility. This structure 
without much difficulty be assigned the 
kind of task which we require. 

The higher vertebrates appear to 
take contours as the basis of their shape 
Therefore, neighbor- 


can 


discrimination. 
ing arborizations of fibers at successive 
lavers should be made to send a pulse 
to the horizontal layers only when both 
of them are active and a fiber should 
only be made active if it has been 
stimulated by a contour discontinuity. 
Further, fibers descending to progres- 
sively lower layers cannot merely be 
samples of retinal stimulation and pro 
gressively larger distances, but must 
give information about the presence ot 
within these distances 
Given these alterations, we have a sys- 
tem which is capable of discriminating 
A particular distance be 
tween two retinal points will be. repre 
sented as activity in a certain horizon- 


a contour at 


distance es. 


tal layer. Asa result it can be used as 
the basis for a certain kind of system 
of shape discrimination. 

The function the 


postilated system performs is to meas 


System. basic 
ure the distance between all pairs of 
points on the boundary of the shape 
and so produce a distribution of how 
many pairs of points there are at each 
This may 
be made clearer by an example. If we 
take four points at the corners of a 
square, we can then measure the dis 
tances between all the pairs of points. 


distance from each other. 


The histogram representing this figure 
will show a total of four at the distance 
equal to one of the sides of the square 
and a total of two at the distance equal 
to the length of the diagonals. We can 
perform a similar transformation of 





\. 














\ 


a 


Histogram measuring the distance 
between all the pairs of points. 


shape given any number of points on 
its boundary to curves 
shown in the illustration (Figure 2). 
As can be seen, different shapes under 
such a transformation still remain dif- 
ferent from each other. 

Given that any two points of a cer- 
tain f other will 


derive the 


distance from each 
cause activity on one particular hori- 
zontal layer, then if there is more than 
one pair of points at that distance from 
each other, more activity on that one 
particular horizontal layer will result. 
Given a set of points at varying dis- 
tances from each other, activity on suc- 
cessive horizontal layers will show the 


distribution of these distances. By in- 


specting the output of these layers we 


have the information of how 
points there are at the distance from 
each other, at the distance +1, and so 
on. We thus have a system perform- 
ing the type of transformation postu- 
lated above and which also conforms 
to all the specifications (except Num- 
It should be 


many 


ber 3) laid down above. 
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clear that the first specification has 
been obeyed. The same output will be 
produced by the horizontal fibers inde- 
pendent of the position of the vertical 
impinging on the _ horizontal 
layer with their arborizations, given 
that channels equal distances apart 
retinally end on the same horizontal 
layer. Similarly, rotation of the optical 
input will not produce any change un- 
less we postulate special and regular 
distortions of the distribution of the 
receptor surface or special collecting 
properties of the horizontal 
Finally, mirror images will produce the 
same output. The output is simply a 
measure of the distances between the 
points in a figure and these are the 
same in mirror images. 

The specification which has not been 
fulfilled is that relating to the invari- 
ance of the same shape in spite of dif- 
ferent This requires some fur- 
ther considerations. We have 
that in the optic lobe of the bee that the 
number of fibers relative to the dis- 
tance along the retina decreases at each 
layer as the fibers travel 
from the retina. In this way the out- 
put from the horizontal layers which 
would be sending signals out in suc- 


fibers 


layers. 


size. 


seen 


successive 


cession as two lines of fixed length 
were moved farther and farther apart 
would decrease layer by layer. Now 
the successive thinning out of the fibers 
could be such that the firing from these 
layers would not decrease as the lines 
were increasing in length in propor- 
tion to their distance. If we descend 
layer by layer (measuring the number 
of neighbors at progressively larger 
distances) the output generated by a 
small shape will be the same as the 
last portion of the output generated by 
the same larger shape. In this way 
the pattern for a small shape will be 
completely reproduced if we transfer 
the animal to a discrimination to larger 
shapes, though it will be added to at 
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the beginning, whereas if we transfer 
to smaller shapes, the larger shape to 
which the animal was originally trained 
will have the first part missing. The 
problem of how the same relative mes- 
sage appearing on different horizontal 
layers is then taken and reacted to as 
the same message is still of course un- 
There are various alternatives, 
but it is probably better to leave this 
problem by saying that the third speci 
fication looks as if it could be fulfilled. 
Shape would be given by the relative 
position of the signals on the horizontal 
layers to each other, size by their abso- 


solved. 


lute position on these layers. 
A remark which 
about the system as it stands is that 


should be made 
any coincidences (signaling that two 
contour components are within a cer- 
tain distance) will be repeated at each 
horizontal layer, though 
they will not be signaled at levels which 
There are 


succeeding 


measure smaller distances. 
ways of removing this redundant in- 
formation. For instance, we can alter 
our system in such a way that all the 
fibers from the retina are taken through 
all the layers with increasing overlap 
We can 
then set the system in such a way that 
only the boundary or end of an arbori- 
zation and 
borization 


of arborization at each level 


the center of another ar- 
(that is another fiber) will 
produce a response in the horizontal 
Though 
of the 
down to 


layer when they are both on. 
there will not be a 
number of 
each succeeding level in this case, we 


reduction 
fibers traveling 


may still suppose that the area over 
which fibers interact to cause a signal 
in the horizontal layer increases as we 
descend downwards. 


ANOTHER MECHANISM 


The mechanism which was derived 
from the neurohistological picture of 
the bee's optic lobes is not the only 


kind of system which would produce 
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the postulated transformation and sat- 
isfy the stated specifications. The sug- 
gestion may be worth making as neuro- 
histologically distinct variants of the 
same principle could have developed. 

This second mechanism would also 
generate the same signals, given the 
same shape, irrespective of its locus on 
the receptor surface and its tilt on the 
frontal parallel plane. Further, it will 
confuse mirror images in any orienta- 
tion (as a young child will). Also, 
this mechanism will reduce shapes of 
different size to a similar message in 
as the mechanism de- 
scribed above. That is, the message 
for a small shape will be the same as 
one end of the message signaling the 
same but larger shape. This would be 
consistent with the well known asym- 
metry of transfer between smaller and 
larger shapes. It is easier to obtain 
transfer to a larger shape from a 
smaller than vice versa. When trans- 
ferring to a larger shape the animal will 
obtain the complete message it has 
learned together with an additional 
portion. However, when transferring 
to a smaller shape, some of the message 
representing the shape it has learned 
will be missing. We might therefore 
reasonably assume that transfer would 
be worse in this second condition. 

In the mechanism to be considered, 
let us assume that there is a three-di- 
mensional space filled with cells. Each 
cell on the top of this solid sends down 
connections into the solid. Each cell 
or point is conceived as radiating a 
large number of connections in all di- 
rections, but still at a constant angle. 
Each point at the top may thus be con- 
ceived as the apex of a cone, and the 


the same way 


connections as lines on the surface of 
this cone converging at the apex of the 
top of the solid. (We can, for con- 
venience, think of these as lines regu- 
larly spaced on the surface of the 
cone.) When a contour is projected on 
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the top of this multicellular solid, each 


cell at the base will send down excita 
tion into its set of connections fanning 
out downwards as on the surface of 
cone. If we picture such ascending ex 

as black the 
ot each cone, these lines on two differ 
ent cones will intersect at a height de 
pending on the distance of the apices of 
these cylinders 


citation lines on surface 


To place a limitation 


on the number of intersections of lines 


lind 
inders to two, we 


between the two c\ 


shall arbitrarily assume that only head 
on collisions between lines of excitation 
registe red is cotmcidences. 
180-degree an 
be counted as 
other 


will be 
That is, 
gle to each 


only lines at 


other will 


intersecting or, in words, lines 


intersecting at the tangent of the ci 
cumference of the two 


cones 


this not to | 


In this way the distance of 


points at the top of tl 
termine the height at which the excita 
will 
The number of coincidences at 
a particular height or horizontal layer 
will be determined by the 


two 
solid will de 


tions emanating from each coin 


cide, 


number of 


points (or rather cells) at a particular 


distance from each ot 
° ne 


irticular shape 


arrangement outlined al 


ove 


duce a histogram or a spectrum for eac 


particular shape, with distances along 


one ordinate and the number of points 


at each distance from each other on the 


ither ordinate 


( Che spectrum or histo 
a 4 , aa 
the same mde 
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pendent of the position of the shape at 
the base of the solid and also independ 
ent of its orientation. Mirror images 
will also give rise to the same spec 
trum. The property of generalization 
to the same shape of different sizes is 
vet to be for. Here it is 
possible to have recourse to the same 
kind of principle as in the first type of 


We need 


merely suppose that the number of pos 


accounted 


mechanism outlined above. 


sible coincidences decreases by the 


c 
tor of I 


fa 
downwards l*¢ 


the distance 
instance, there may be a certain critical 
distance 
as they 


between two ascending lines 


pass near each other within 
which a coincidence signal will be gen 
\s the 
lines pass downwards on the cone they 
will be dely 


of the cone and 


erated if both lines are excited. 
progressively more w 
spaced on the surface 
therefore in reasingly less likely to be 
within the critical f 
other, even if their 


distance of each 
angle with regard 
to each other is sufficiently correct. If 
the 
counted by layers progressively further 
apart (in terms of retinal distance) the 
histogram generated by a small shape 


furthermore, coincidences — are 


will be the same as the end of the time 
series of the same large shape 

The advantage of this second scheme 
is that it could be made to 1 


vield good 
discriminations 


between various « 

grees of curvature. This would occur 
if we assume that once coincidence had 
occurred between two paths of descend 
excitation would 
further. 
the excitation generated by 


1 


ing excitation, the 
not descend any In this way 
a straight 
ine would all coincide on the first layer 
nd there would be no further coinci 
increase 1n 


s whereas an curva 


ld bring about further coin 


ire wou 
( ile neces { Figure 3 ) 


7 


Discrimination « 


f Anqle 


SO Tal 


SCI ibed 


two systems have been ce 


which yield discrimination of 





A SysTEM FOR 
distance between points. Points are 
brought into relation at some third 
point and this third point varies along 
a single continuum depending on the 
distance between the two points. Fur 
ther, all the pairs of points with the 
same distance between them are rep- 
resented by activity in the same struc 
ture. This structure is conceived of 
as a layer, so that a particular distance 
between any two points is translated 
into activity in a particular layer. It 
was shown that shape recognition could 
be based on such a system. However, 
as was stated above, discrimination of 
size of angle between two contours is 
also a capacity of the visual nervous 
system. It will be shown briefly below 
how the type of mechanism already 
outlined can simply 
provide this capacity 

It will be apparent that the rate at 
which two 


be expanded to 


contours converge or di 
verge will be reflected in the angle at 


which successive coincidences between 


points occur in the horizontal layers. 
For instance, two parallel lines will 
cause a set of 


which is 
horizontal to the successive lavers. An 


coincidences 


increase in angle between lines will 
cause a gradual tilting away from the 
horizontal of the successive points of 
coincidence. Such information could be 
read out from the svstem in different 
ways. One such possibility would be 
fields of 


tions shaped like discs or 


arboriza- 
flattened 
spheres sending a signal out whenever 


to have cells with 


within the 
( onsiderable 0 


two coincidences occurred 
field. With 


these fields, angle would be measured 


verlap of 


by the number of cells sending a signal 
out. If this information was sent out 
layer by layer, a mechanism analogous 
to the 
operate on the basis of angle 


could 
Such 


one based on distance 
arboriza 
of the 
MeCul 


functioning of cells and thei 
tions is not implausible in vie 
lLettvin, 


work of Maturana, 
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A 


Histograms produced by second 
mechanism. 





Fic. 3. 


loch, and Pitts (1960) on the frog's 
visual system. 


DISCUSSION 


The question of uniqueness of trans 
formation of a given shape has not 
dealt with. No mathe- 
matical proof is so far forthcoming that 
left- 
right or up-down mirror images are 
uniquely transformed. However, ex- 
tensive tests of a trial-and-error nature 
have failed to reveal different shapes 
with identical profiles, though shapes 
that appear similar give rise to profiles 
with certain common features. 

The “preset” 
above give rise to certain determinate 


been so far 


shapes or patterns other than 


systems described 
principles of classification, and so of 
similarity. Such principles seem to 
operate in the case of our own shape 
recognition and therefore they 
set up as specifications for a theoreti 
The 


therefore built into the system, in con 


were 


cal system. similarities were 
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trast with such attempts as those of 
Uttley (1956) and Taylor (1956). 
Here equivalences must be learned. 
Unless the machine has some already 
built in classification systems to enable 
it to abstract the principles on which it 
is being made to equate diverse groups 
of dots, its economy is bound to be low 
as compared with a preset system, 
which already abstracts the same prop- 
erties as the human operator. Its per 
formance in situations is 
likely to be poor. Sutherland (1959) 
has made a strong case for supposing 
that there is a preset classifying mech 
If there is, it is important 


novel also 


anism. 


from the point of view of mechanical 
shape recognition to find out what it 
is. The ideal machine would classify 
shapes in the way we do and so would 


see similarity in distorted human out- 
put, such as handwriting, where dis- 
tortion is permitted because it seems 
that the essential elements of identity 
are not lost. 
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PATTERNS OF ADRENERGIC-CHOLINERGIC IMBALANCE 
IN THE FUNCTIONAL PSYCHOSES 


LEONARD S. RUBIN 


Eastern Pennsylvania Psychiatric Institute, Philadelphia 


During this last decade remarkable 


strides have been made in the treat- 


ment and control of the so-called func- 
tional psychoses with the aid of chemi- 


cal agents. In view of the current 
status of the science of chemotherapy 
in this area, it is surprising that such 
beneficent results have been reported 
because there is no widely accepted 
chemical theory of the functional psy 
A therapist is unable to pre- 
the preliminary 
examinations (of bodily 


choses 
scribe, on basis of 
laboratory 
fluids, for example), the chemical agent 
that is relevant to any specific endoge 
chemical One 
empirical chemotherapeutic approach 
consists of administering drugs on the 
basis of phenomenological impressions 


nous disequilibrium. 


of simple behavioral dimensions such 
as depression or excitation. It need 
not be emphasized that few empirical 
findings and no theoretical formulations 
extant specifically relate these behav- 
ioral dimensions to any disturbed tissue 
system or state of chemical disequilib 
rium that is reversible by chemical in 
In another approach, the 
tacit assumption is made by therapists 


tervention. 


administering drugs that the popula 
functionally indi 
viduals is homogeneous. In both ap- 
improvement 
occur in some fraction of the popula- 
tion, it had not been predicted. 


tion of psychotic 


proaches, when does 


Prior to the formulation of several 
theories that have served to stimulate 
a great deal of recent research, numer- 
ous empirical biochemical and physio- 
logical studies were performed in the 
hope of uncovering some characteristic 
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endogenous feature that differentiated 
normals from psychotics. The follow- 
ing observations are representative of 
a larger number of studies that suggest 
that the functional psychoses have as 
a concomitant some disorder of homeo- 
stasis. Fischer (1953) reported that 
schizophrenic blood was toxic to tad- 
poles, while Federoff and Hoffer 
(1956) reported it toxic to fibroblasts 
grown in tissue culture. The latter 
researchers, however, found the blood 
of patients undergoing surgery equally 
toxic. This suggested that a nonspe- 
cific perseverative response to stressful 
stimuli may be involved. In addition, 
various measurements of the response 
to stress have been made employing the 
following variables which reflect auto- 
nomic activity: pulse rate, blood pres- 
sure, skin circulation, and response to 
adrenalin (Finkelman & Stephens, 
1936; Pfister, 1938). The results of 
these studies on chronic schizophrenics 
generally indicate that they are less 
reactive than healthy people. When a 
large series of measurements was made 
of basal metabolic rate, circulation rate, 
body temperature, excretion of 17- 
ketosteroids, thyroid activity, and water 
metabolism in schizophrenics and in 
healthy people, it was found that the 
variance of the measurements 
greater for the schizophrenics ( Richter, 
1957). These studies suggest 
that a concomitant of schizophrenia is 
some disorder of homeostasis. 


was 


again 


Devoid of specific deductively elabo- 
rated hypotheses, this plethora of em- 
pirical findings contributed by physi- 
ologists, pharmacologists, and behav- 
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ioral scientists stimulated the need for 


approac h to che motherapy 


a rational 
Several astute attempts at systematiza 
tion have been They will be 
described briefly because they serve to 
lay the groundwork for the major the 
sis contained in report; that is, 
that discrete patterns of autonomic dys 
function may be etiological factors in 


made. 


this 


the functional psychoses. 

The major contemporary chemical 
theories of the functional psychoses are 
inextricably dependent upon the behav- 
ioral and 
psychotomimetic agents, mescaline and 


biochemical effects of two 
lysergic acid diethylamide (LSD-25) 
(Rubin, 1957). A biochemical theory 
of schizophrenia put forward by Os- 
mond and Smythies (1952) and stated 
more specifically by Hoffer, Osmond, 
and Smythies (1954) postulated the 
existence of an endogenous mescaline 
like substance, the “M 
toxic metabolite formed by the defective 
They 


substance,” a 


metabolism of 
claimed that, 
viduals metabolize 
amine 
psychotic metabolizes epinephrine by 
The resulting production 


epinephrine 
whereas normal indi 
epinephrine by 
oxidase or sulfoesterase, the 
a phenolase. 
of quinone indoles, i.e., adrenochrome 
and adrenolutine, interferes with cere 
bral metabolism. Hoffer (1957) ad 
ministered adrenolutine (a more stable 
isomer of adrenochrome) and a pla 
cebo to a group of subjects and he 
attempted to determine which persons 
had been given adrenolutine and which 
the placebo. The results of the experi- 
ment were equivocal. 
ported in a review by Smythies (1958), 
evaluated the effect of the more highly 
reactive, unstable adrenochrome and 
reported the absence of behavioral ab 
normalities. In a recent study ( Hol- 
land, Cohen, Goldenberg, Sha, & 
Leifer, 1958), equilibrium plasma con- 
centrations of adrenaline and norad- 
renaline were measured in healthy 


Gastaldi, as re 
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people and schizophrenics. No signifi 
cant difference was found in the rate 
of utilization of circulating adrenaline 
and noradrenaline. Axelrod (1958) 
attempted to detect the presence of 
adrenochrome in schizophrenics and 
found that it 
phrenics as well as in healthy people. 
\s yet, this chemical theory of schizo 
phrenia that postulates the existence 


was absent in schizo 


of an endogenous metabolite of adrena 
line produced by a deficiency in the 
process of methylation lacks empirical 
verification. 
The above 
schizophrenia was established following 
the observation that mescaline, an hal 
lucinogen, similar in chemical 
structure to the neurohumors, adrena 
line and noradrenaline. The second 
theory to be considered was formulated 
after the observation was made that the 
most powerful hallucinogen, LSD, was 
a potent peripheral antagonist of sero 
tonin (5-hydroxytryptamine). The 
clue to the important role of serotonin 
came from its discovery in the brain. 
Like acetylcholine, the substance is 
present in nervous tissue in a precursor 


biochemical theory of 


was 


state and is active only in an unbound 
form. 
uted in the brain, its concentration be- 
ing highest in the brainstem, especially 
the hypothalamus, lowest in the cortex, 
and almost undetectable in the cere 
bellum. The high biological activity of 
this amine strongly suggests an impor 
tant function in chemical mediation in 
subcortical Additional sup 
port for the role of serotonin in neural 
transmission comes from consideration 
of the distribution of the enzyme mono 
amine oxidase, the enzyme that de 
stroys serotonin, and 5-hydroxytrypto 
phan decarboxylase, the enzyme that 
synthesizes serotonin. Both enzymes 
are found in highest concentration in 
the hypothalamus. These considera- 
tions led Brodie and Shore (1957) to 


The amine is unevenly distrib 


centers. 
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hypothesize that serotonin was an im 


hemical mediator of neural 


the 


portant ¢ 


activity in brain. 


hypothesis has been fruittul, no current 


1 


evidence has established beyond doubt 
that 
or is auxiliary to the 
Woolley 
(1954) accepted the presumptive evi 


serotonin plays a transmitter rol 
action ot other 


transmitters and Shaw 


dence for serotonin as a central neural 


transmitter substance and went on to 
postulate that the hallucinogenic effect 
of LSD might be due to its interference 
the 

According to these authors, the 
LSD, as 


with action of serotonin in_ the 


brain. 
action of well as other alka 


loids, can be ascribed to the indole 


moiety in the structures ot 


LSD and 
serotonin, Consequently, compounds 
containing the indole ring may act as 
antimetabolites to serotonin. This sug 
gest d to them that mental aberrations 
were produced by endogenously pro 
duced indole compounds that compete: 
for serotonin receptor sites in the brain 
This attractive theory has been chal 
observa 
(1955) 

LSD, 


ciethvlan ile x 


lenged by at least two recent 
Cerletti Rothlin 
found that a close analogue of 


tions and 


2-bromo-D-lysegic acid 


was as effective as LSD in antagoniz 
ing several peripheral actions of sero 
tonin, yet this antagonist of serotonin 
was found to be devoid of hallucino 
genic action in humans. It should be 
noted that chlorpromazine is also 
potent antiserotonin and, instead of be 


ing hallucinogenic, is a powerful anti 
hallucinogen employed in the treatment 
ol psychotics 

As indicated by the foregoing review, 
considerable effort is being expended 
to understand the biochemistry of both 
the LSD and the mescaline psychotic 
like states in normal individuals. Al 
though the evidence provided by re 


searchers who have worked within 


these conceptual frameworks has been 
inconclusive, the quest for the specific 
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\lthough the 
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oxic endogenous metabolite goes on. 
llowever, we still quite realistically 
speak of the chemical control of schizo- 
phrenia and not the chemical treatment. 

\ more detailed critical review of 
these theories led the author (Rubin, 
1959) to conclude that it was far from 
ineluctable that they would ultimately 
lead to an effective chemotherapy for 
the functional psychoses. At this point, 
the author would introduce his theory 
by stating that the functional psychoses 
are characterized by patterns of dis- 
ordered neurohumoral activity in the 
central representation of the autonomic 
Since adjustments of 
the internal milieu are mediated by the 
autonomic system and _ inte- 
grated in the hypothalamus, it is neces- 
sary to consider the humoral nature of 
hypothalamic activity before the theory 
s elaborated and supporting evidence 
is presented. Specifically, the assump- 
tion will be examined that the central 
representations of the autonomic nerv- 
for the 
parasympathetic division and adrener 


nervous system. 


nervous 


ous system are cholinergic 
gic for the sympathetic division 

Vogt (1954) examined the concen 
tration of sympathin (a combination of 
norepinephrine and epinephrine) in the 
different parts of the central nervous 
system of the dog and found that sym 
pathin, like acetylcholine, possessed a 
specific pattern of distribution. 
regions of the brain, the hypothalamus 


Two 


and the area postrema, stood out above 
all others by their high concentrations 
f norepinephrine. This fact suggests, 
though it does not prove, that these 
amines play a part in the specialized 
function of those regions of the brain 
in which their concentration is high. 
Vogt’s conclusion regarding the corre 
lation between sympathin content and 
central representation of sympathetic 
functions was summarized in the fol- 
lowing statement : 
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With exception of the area 
those regions which contain the highest con- 
centration of sympathin—the hypothalamus, 
parts of the midbrain and the floor of the 
fourth ventricle—also contain the central 
representation of sympathetic activity (p. 
473). 

However, when Vogt attempted to 
localize the site of sympathin within the 
hypothalamus, it was found that the 
anterior and posterior hypothalamus 
did not show consistent differences in 
sympathin content. This is of some 
interest because of the controversy over 
whether or not the anterior hypothala- 
mus is the site of parasympathetic, and 
the posterior hypothalamus is the site 
of sympathetic centers. In this par- 
ticular histochemical aspect, the two 
regions resemble each other. When 
the hypothalamus was divided into dor- 
sal and ventral parts, however, a defi- 
nite concentration gradient was found. 
The ventral region contained more nor- 
adrenaline than the dorsal region. 
Based upon Vogt’s findings, the posi- 
tion taken in this paper is that the 
central representation of sympathetic 
function in the hypothalamus contains 
the highest concentration of the bio- 
genic amines ; norepinephrine, epineph- 
rine, and serotonin. 

In attempting to ascertain whether 
the central representation of the auto- 
nomic nervous system may be cholin- 
ergic for the parasympatheic division, 
the following facts must be considered. 
For purposes of description, the hypo- 
thalamus in man may conveniently be 
subdivided into four regions: the su- 
praoptic middle region located above 
the optic chiasm and rostral to it, the 
tuberal or infundibular middle region, 
the mammilary middle region, and the 
lateral region. For a purpose that will 
become clearer as the discussion con- 
tinues, the composition of the supra- 
optic middle region will be described. 
It includes the nuclei supraopticus, 
paraventricularis, suprachiasmaticus, 


postrema, 


S. Rusin 


supraopticus diffusus, and the anterior 


hypothalamic area (Kuntz, 1953). 
Feldberg and Vogt (1948) attempted 
to map out, in the central nervous sys- 
tem of the dog, the distribution of the 
enzyme (or enzyme system) that syn- 
thesizes acetylcholine. They found a 
very high value of enzymatic activity 
in the region of the supraoptic nuclei. 
By their definition, this portion of the 
hypothalamic area may be considered 
cholinergic. However, the high figures 
for the supraoptic nucleus do not sug- 
gest that cholinergic fibers originate 
from cells in this region, rather, such 
fibers terminate in synaptic connection 
with these cells. Unfortunately, the 
enzymatic activity of the anterior hypo- 
thalamus, the controversial site of para- 
sympathetic activity, was not deter- 
mined. 

It seems reasonable to conclude from 
the foregoing discussion that specific 
areas within the hypothalamus cannot 
be viewed as exclusively adrenergic or 
cholinergic. The evidence does sug- 
gest that the hypothalamus contains 
large quantities of the biogenic amines 
as well as components of the choliner- 
gic system. Consequently, in the re- 
mainder of this paper, when describing 
the central adrenergic-cholinergic im- 
balance that characterizes the func- 
tional psychoses, I do not necessarily 
implicate specific sympathetic and para- 
sympathetic central structures as such. 

Since Cannon’s (1932) formulation 
of his Emergency Theory of Emotion, 
it has been accepted generally that, 
whenever an organism is confronted 
with a sudden emergency, the resulting 
massive autonomic response is func- 
tionally adaptive. Specifically, a mas- 
sive and complete mobilization 
achieved by the sympathetic division 
of the autonomic nervous system with 
the resultant secretion of great quanti- 
ties of epinephrine. As Grenell states 
in Fulton (1949), “The so-called ‘fight, 


is 





ADRENERGIC—CHOLINERGIC IMBALANCE 


flight or fright reaction’ is a product 
of maximal generalized sympathetic ac- 
tivity.” One major feature of an or- 
ganism’s response to an emergency 
situation, therefore, is a significant in- 
crease in the release of certain sym- 
pathomimetic amines. The ascription 
of a role to the parasympathetic divi- 
sion of the autonomic nervous system 
during the emergency reaction has been 
conspicuously neglected. Its role has 
been confined to the protection, con- 
servation, and restoration of bodily 
resources. The hypothesis here offered 
is that the requisite maximal general- 
ized adrenergic activity ensuing the 
perception of threat is facilitated by a 
decrease in cholinergic outflow. If we 
consider, as Cannon did, the functional 
utility of the increased adrenergic re- 
sponse to stress, then it follows that 
maximal mobilization can be most ef- 
fectively attained under a condition in 
which central cholinergic outflow actu- 
ally decreases below levels that charac- 
terize the organism during nonstressful 
steady states. It is conjectured that, 
were cholinergic outflow to increase or 
remain at the level of nonstressful 
states during the time the organism is 
mobilizing for an emergency, the net 
adrenergic response would be less than 
maximal. As the effectiveness of the 
organism’s adjustment to emergency is 
directly related to maximal mobiliza- 
tion of bodily resources, it is hypothe- 
sized that maximal mobilization can 
only result from increased activity of 
central adrenergic centers and reduc- 
tion of central cholinergic outflow. As 
a corollary, it is inferred that the pat- 
terns of autonomic dysfunction charac- 


terizing the functional psychoses con- 


sist of significant departures from the 
characteristic interactions of the ad- 
renergic and cholinergic components of 
the normal individual at rest or under 
stress. 

It is further postulated that neuro- 
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humoral imbalance in the functional 
psychoses may involve either or both 
neurohumoral systems and that patho- 
logical variation in either system is 
not unidirectional. Conceivably, either 
malfunction of the adrenergic mecha- 
nism or the cholinergic or both may 
lead to significant departures from that 
reaction requisite for maximal mobili- 
zation of the organism. A hypothetical 
matrix of varieties of neurohumoral 
imbalance has been constructed by re- 
viewing the efficacy and mode of action 
of certain drugs already employed with 
varying success in the treatment and 
control of the functional psychoses. 
Patterns of cholinergic and adrenergic 
malfunction in the psychoses may thus 
be inferred from pharmacological and 
clinical From the fol- 
lowing evidence, it has been deduced 
that neurohumoral dysfunction may be 
characterized by either an excessive or 
deficient adrenergic response mecha- 
nism. 


observations. 


A DtsorDERED ADRENERGIC RESPONSE 
MECHANISM IN THE FUNCTIONAL 
PsyCHOSES 


Iproniazid ( Marsilid), an amine oxi- 
dase antagonist that inhibits the oxida- 
tive deamination of epinephrine, has 
been used extensively in the treatment 


of mental depression. Jn vivo studies 
on animals with iproniazid indicate that 
it can produce a relatively rapid and 
large (threefold) rise in brain seroto- 
nin (Zeller, Barsky, & Berman, 1955). 
Before proceeding to the statement of 
an important inference derived from 
these observations, it would be well to 
evaluate the controversial role of mono- 
amine oxidase in the metabolism of 
biogenic amines. 

There are at least four potentially 
possible metabolic routes for the en- 
zymatic conversions of norepineph- 
rine, epinephrine, and closely related 
catecholamines : deamination by mono- 
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amine oxidase, oxidation to adreno- 
chrome and related products by cyto- 
chrome oxidase and tyrosine oxidase, 
conjugatien to the glucuronide or sul- 
fate, or O-methylation by catechol-O- 
methyl transferase (Koelle, 1959). 
Though the importance of monoamine 
oxidase in the oxidation of 
amines is controversial, it is well es 
tablished that dopamine, a precursor 
of norepinephrine and epinephrine, is 
oxidized by monoamine oxidase at a 
reasonably rapid velocity. Further- 
more, according to Bacq (1949), there 
is little possibility that the catechol- 
amines are oxidized to indole deriva- 
tives by cytochrome oxidase im vivo. 
As far as the third metabolic pathway 
listed above is concerned, the results 
of a great deal of work suggest that 
free catcholamines and their imme- 
diate metabolites from other pathways 
are conjugated in considerable pro- 
Finally, LaBrosse, Axelrod, 


catechol 


portions. 
and Kety (1958) have suggested that 
catechol-O-methyl transferase is the 
enzyme of major importance in the 
metabolism of circulating norepineph- 
rine and epinephrine. They arrived at 
this conclusion after they observed 
that over 90% of a 1-mg. dose of dl— 
epinephrine given to normal human 
subjects by intravenous infusion—was 


recovered as the free or conjugated 


form of the primary product, meta- 


nephrine, or its subsequent oxidation 


3-methoxy-4-hydroxymande 
lic acid. It is important to note that 
the authors still invoke a role for 
monoamine oxidase. It participates in 
the oxidation of metanephrine to the 
mandelic acid derivative. Pekkarinen, 
Castrin, and (1958) present 
evidence suggesting that amine oxidase 
acts directly upon the catecholamines. 
This position is supported by the work 
of Shore (1958) who found increased 
amounts of norepinephrine in the brain 
and other of small animals 


product, 


Israel 


organs 
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after treatment with iproniazid. On 
the basis of his studies, he concluded 
that: “norepinephrine, as well as sero- 
tonin, is normally metabolized in vivo 
largely through the action of mono 

He criticized much 
of the experimental evidence which 


amine oxidase.” 


suggested that monoamine oxidase is 
unimportant in catecholamine metabo 
lism by emphasizing the erroneous use 
by others of im vitro tissue prepara- 
tions. .When monoamine oxidase was 
blocked in vivo by Marsilid, Shore 
could not find any alternate major 
pathway for the metabolism of norepi 
Evidence for or 
each metabolic route cannot begin to 
be adequately described in this paper 
\ reasonable conclusion is that while 
may not be the 
involved in the 


nephrine. against 


monoamine oxidase 


sole enzyme 
degradation of the catecholamines, it 
must be considered a significant part 
of the mechanism. 

To return to the effects of iproni 
azid on the concentration of biogenic 
amines, it is likely, according to Truitt 
(1958), that this drug, through its 
inhibition of monoamine .oxidase in the 
brain, potentiates the action therein of 


system 


endogenous stimulant biogenic amines 
(possibly norepinephrine, epinephrine, 
and serotonin). The side effects (con 
stipation, difficulty in 
perreflexia, sweating, and dryness of 
the mouth) are also compatible with 
a hypothesis of peripheral sympathetic 
stimulation. The implication drawn 
from these observations is that some 
psychotics who are benefited by ipro- 
niazid are defective in brain 
catecholamines, or in central adren- 
ergic stimulation. 

When one turns to the treatment 
or control of the schizophrenic re- 
action, it is found that reserpine and 
chlorpromazine have been extensively 


micturition, hy 


some 


used. Hyperemotional responses me- 


diated by sympathetic centers in the 
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hypothalamus are markedly depressed 
hy the action of reserpine. 
ally, the syndrome produced by reser- 
pine is marked by bradycardia, slight 
lowering of blood pressure, stimula- 
tion of peristalsis, and gastric hyper- 
secretion. Brodie and Shore (1957) 
proposed that reserpine prevented 
serotonin binding and thereby caused 
constant activation of the vegetative, 
parasympathetic centers. In addition, 
reserpine was found to deplete the 
store of biogenic 
the body as determined by the in- 
creased excretion of 5-hydroxy-indole 
acetic acid, a metabolite of serotonin 
Evidence has been presented in Truitt 
role for serotonin as 
a central excitatory agent at least in 
subcortical centers. The hyperactivity 
of serotonin, rather than its deficiency, 
therefore, may: play a dominant role 
in mediating uncontrolled emotional 
responses in acute psychoses. Thus 
the mechanism of reserpine action may 
he by depletion of brain concentration 
of serotonin and other catecholamines 
rather than through the sedative action 
of released serotonin. 
tions therefore suggest that some func 
tionally psychotic patients for whom 
reserpine therapy is 


Peripher 


catecholamines in 


which favors a 


These observa 


efficacious may 


be characterized by an excessive 
adrenergic activity in subcortical cen- 
This 


applicable 


ters. same conclusion is also 
when chlorpromazine is 
considered, for, in addition to its pe- 
ripheral antihistaminic and antichol- 
inergic effects, it has been shown to 
have an adrenergic blocking action. 

In summary, it is postulated that 
the neurohumoral dysfunction that 
characterizes some psychotics may be 
due to either (a) a neurohumoral de- 
ficiency of sympathomimetic 
disorder 
oxidase 


some 


amine or to some enzyme 


such as monoamine 
activity 
mechanism of the brain; or, 


over- 


in the adrenergic excitatory 
(b) a 
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neurohumoral overabundance of 
sympathomimetic amine or to some 
enzyme such as monoamine 
oxidase underactivity in the adrenergic 
mechanism of the brain. 


some 


disorder 


A DisorDERED CHOLINERGIC RESPONSE 
MECHANISM IN THE FUNCTIONAL 
PSYCHOSES 
There are suggestions that the cho- 
linergic component of generalized au- 
tonomic activity is also an important 
parameter of the functional psychoses. 
Forrer (1956) has recommended the 
use of large doses of tertiary atropine 
in the treatment of manic-depressives 
in the manic phase. He claimed that 
the patients in the manic phase of 
manic-depressive psychosis responded 
remarkably well and immediately to 
this chemotherapy but he offered no 
mechanism which could possibly ac- 
count for the effectiveness of this 
drug. As the pharmacological action 
of atropine is that of a cholinergic 
blocking agent, it may be inferred that 
excessive brain acetylcholine or 
ficient acetylcholinesterase with mani- 
fest excessive cholinergic outflow is 
important to the understanding of the 
fundament in some 
chotics. A strong theoretical 
ment which in part supports this in- 


de- 


psy- 
state- 


ferred mechanism as to the efficacy of 
atropine therapy has been offered by 
Hoffer et al. (1954). He has claimed 
that excessive parasympathetic activity, 
with concomitant increases in the con- 
centration of acetylcholine, is an es- 
sential feature of the schizophrenic 
process. In contrast to Forrer, how- 
ever, Hoffer believes that cholinergic 
blocking agents as well as choliner- 
gic compounds should aggravate the 
schizophrenic process and _ perhaps 
make psychotics worse. 

Paradoxically, Pfeitfer, Jenney, Gal- 
lagher, Smith, Bevan, Killam, Killam, 
and Blackmore (1957) have reported 
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Fic. 1. Patterns of adrenergic-cholinergic 
interaction for normals and psychotics. 


that some schizophrenics respond with 
a lucid interval to stimulation by cho- 
linergic stimulants such as pilocarpine, 
arecoline, and 2-dimethylamine etha- 
nol. The implication of this report is 
that some psychotics are characterized 
by defective cholinergic responsive- 
ness. Recently, Rubin (1958a, 1958b) 
has reported that a functionally psy- 
chotic sample of patients was signifi- 
cantly differentiable from normals by 
virtue of the rate of hydrolysis of 
acetylcholine chloride by erythrocyte 
cholinesterase. All of the patients em- 
ployed in the study manifested a defect 
in rate of hydrolysis. Some subjects 
hydrolyzed the substrate too rapidly 
and others too slowly. The inference 
made, on the basis of the kinetics of 
the enzymatic reaction, was that some 
psychotics may be deficient in cholin- 
ergic activity while others may be 
characterized by excessive cholinergic 
activity. 


PATTERNS OF DISORDERED ADREN- 
ERGIC-CHOLINERGIC STEADY STATES 
IN Psycnotic DtsorDERS 
A hurried review of the evidence 
presented seems replete with paradox- 
ical facts and theories. At first it 
appears that an effective chemotherapy 
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for some psychotics should counter- 
act deficient adrenergic activity. Then, 
it seems that more effective drugs 
which decrease adrenergic activity 
should be developed. Additional con- 
flict and confusion is raised by asser- 
tions of efficacy for cholinergic as well 
as anticholinergic drugs. These ap- 
parent contradictions may be resolved 
by regarding the population of func- 
tional psychotics as consisting of a 
specifiable number of discrete patterns 
of disordered adrenergic-cholinergic 
levels of reactivity. From the preceding 
review of the pharmacological action of 
certain neurohumoral 
components of the autonomic nervous 
system, it is assumed that in the popu- 
lation of psychotics there may exist 
three activity : 
overreactivity, deficiency, and a nor- 
mal level from which directional de- 
viations are measurable. The cholin- 
ergic outflow may 
as consisting of three 
reactivity or deficiency of cholinergic 
levels as measured by reference to a 
level characteristic of the unstressed 
normal. The matrix of adrenergic- 
cholinergic steady states derivable from 
such a paradigm is presented in Figure 
1. In this figure, A represents central 
adrenergic activity and C central cho- 
linergic activity. The levels of activity 
of each dimension are symbolized by 
+, 0and —. The positive sign rep- 
resents excessive activity, the zero, 
normal activity, and the negative sign, 
deficient activity. The combination of 
AoCo represents the levels of adren- 
ergic and cholinergic activity that 
characterize the normal human adult 
at rest. The eight other combinations 
represent hypothetical adrenergic-cho- 
linergic levels of interaction. Pre- 
viously, the hypothesis had been de- 
veloped that a normal, ordered response 
to stress consisted of maximal gen- 
eralized sympathetic activity that was 


drugs on the 


levels of adrenergic 


also be deseril ed 


levels: over- 
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attained when cholinergic stimulation 
decreased (C—), while adren- 
ergic stimulation continued to increase 
(A+) up to that maximal level which 
characterized the individual. This 
characteristic adjustment is contained 
in Figure 1, and may be represented 
as A+C—. It is now further hypothe- 
sized, within the framework of the 
theory, that the remaining 
seven interactions between adrenergic- 
cholinergic activity represent the dis- 
crete patterns which comprise the 
population of functional psychotics. 
To recapitulate, the major hypotheses 
elaborated from the above considera- 
tions are: (a) Effective autonomic 
adjustment to emergency situations 
requires a maximal generalized adren- 


was 


general 


ergic response; (b) To attain a maxi- 
mal level of sympathetic activity, it 
is not only necessary that increased 
levels of adrenergic activity follow the 
emergency but that the level of cho- 
linergic activity decrease; (c) The 
functional psychoses are characterized 
by patterns of neurohumoral dysfunc 
tion that deviate significantly from the 
pattern of the normal, healthy individ- 
ual at rest, as well as from the adren- 
ergic increase and cholinergic decrease 
that characterizes the normal individ- 
ual during stress; and (d) The va- 
rieties of neurohumoral dysfunction 
represent discrete levels of activity of 
interacting adrenergic and cholinergic 
mechanisms. That is, each pattern of 
neurohumoral dysfunction represents 
an impairment of function of either the 
adrenergic or cholinergic mechanism 
or both. 


PuPILLARY REACTIVITY AS A METHOD 
FOR INVESTIGATING PATTERNS OF 
DisoRDERED ADRENERGIC-CHO- 
LINERGIC STEADY STATES IN 


Psycuotic Dtsorpers 


The hypotheses elucidated would 
remain interesting speculations unless 
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a method were described which could 
systematically measure the relevant 
parameters. To this end a physio- 
logical measure of adrenergic and cho- 
linergic activity was developed for in- 
vestigating the patterns of disordered 
autonomic steady states in psychotic 
disorders. The miotic response of the 
pupil to light (constriction) and the 
mydriasis ensuing the absence of light 
(dilatation) were employed to meas- 
ure cholinergic and adrenergic mecha- 
nisms, respectively. The rationale of 
the procedure is suggested by the fol- 
lowing considerations. The choliner- 
gic nature of the activity of the oculo- 
motor nerve under the influence of 
light has been proved by the positive 
assay for acetylcholine in the anterior 
chamber of the eye (Engelhart, 1931) 
and by the disappearance of the light 
reflex after the injection of cholines- 
terase (Mendel & Hawkins, 1943). 
Conversely, the anticholinesterases in- 
duce miosis, presumably by interfering 
with the hydrolysis of acetylcholine by 
acetylcholinesterase. The adrenergic 
nature of the dilatory response of the 
pupil is suggested by the work of Poos 
(1939), Hess and Koella (1950), and 
Hess, Koella, & Szabo (1950) on iso- 
lated radial preparations of the iris. 
These studies demonstrated that the 


iris muscle contracted in response to 
small concentrations of adrenalin and 


noradrenalin. Since these substances 
are responsible for neurohumoral 
transmission in sympathetically inner- 
vated structures, they believed it rea- 
sonable to assume that a dilator muscle 
existed that responded to sympathetic 
excitation. In addition, Frohlich and 
(1910) had shown that the 
mydriasis induced by adrenalin is in- 
tensified by cocaine, a 
oxidase inhibitor. 

Since pupillary constriction had been 
shown to be dependent upon the lib- 
eration of acetylcholine, and dilatation 


Loewi 


monoamine 





510 


upon an adrenergic mediator, the rate 
of dilatation was considered to repre 
sent the kinetics of a general adrenergic 
mechanism, while the rate of constric- 
tion was considered indicative of the 
kinetics of the cholinergic mechanism. 
If the varieties of disordered neuro 
humoral function that characterize the 
functional psychoses do represent dis 
crete levels of activity of interacting 
cholinergic and adrenergic mecha 
nisms that differ significantly from the 
patterns manifested by normals at rest 
and under stress, then different pat 
terns of and dilatation 
should be observable. That is, it was 
that peripheral cholinergic 
adrenergic imbalances, 


constriction 


assumed 
and 
tively, mirror central cholinergic and 


respec 


adrenergic imbalances 


PROCEDURE 


Although the apparatus and procedure for 
ybtaining measurements of pupillary dilata- 
tion and constriction have been described else- 
where (Rubin, 1960, 1961a, 1961b), it seems 
appropriate to emphasize certain features of 
the procedure for increased clarity in exposi- 
To obtain the rate of dilatation for each 
the following procedure was em- 
After the subject was seated with his 
head positioned properly in a head rest, the 
room light was extinguished. After 5 seconds 
in the dark, an adapting light of 38.6 
ft.-C. was focused 
for 10 seconds 
interval, a photograph of the maximally 
constricted pupil was taken automatically. 
This was done twice in an effort to equate 
for previous conditions of adaptation of the 
retina. Each subsequent photograph of the 
pupil subject had been 
dark-adapted for a interval of 
time followi maximal constriction. The 
intervals of dark-adaptation empl 
5. 10, 15, 30, 45, and 60 seconds. The pro 
cedure employed t 
the rate of pupillary 
itiated soon after measurements 
dilatation had been obtained. Each photo 
graph of the was taken after the sub 
ject had been light-adapted for a specific 

following dilata- 
als of light-adaptation em- 


tion 
subject, 
ploved. 


intense 
m the subject’s right eve 
At the 


termination of this 


was taken after the 


pres ribed 
ved were 


»btain measurements of 
constriction was in 


of pupillary 
pupil 


interval of time maximal 


tion. The inter\ 
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ployed were 1, 2, 3, 4, and 5 seconds. Prior 
to obtaining a measurement of constriction 
at each of these intervals, the eye was light- 
adapted for 10 seconds at a constant intens- 
ity before it was permitted to dilate maxi- 
mally within the 60-second dark-adaptation 
period 


PATTERN OF ADRENERGIC-CHOLINER- 
cic ACTIVITY OF THE NORMAL 
ApuLT UNDER STRESS 


To test the hypothesis that normal 
adult subjects react to emergencies 
with an increased adrenergic response 
and decreased cholinergic response, 
measurements of pupillary dilatation 
and constriction were obtained on six 
normal, healthy adults between the 
ages of 19-40 (Rubin, 1960). Due 
to the variety of perceptual responses 
that are elicited in humans to the 
same stimulus, it is difficult to define 
a stimulus situation that is realizable 
in a laboratory as an “emergency” or 
as a “threat.’”’ Consequently, follow 
ing the control measurements obtained 
when the subjects were at rest, each 
subject was required to immerse the 
right hand and forearm in a cold water 
bath maintained at 5° C. while meas- 
urements were made of dilatation and 
constriction. When the rate of pupil 
lary dilatation at rest was compared to 
the rate obtained the 
condition, it was found that the slopes 
of the curves were equal 
but that the absolute level of dilatation 
under the cold pressor condition was 
significantly greater (Figure 2) \s 
suming that the responsiveness of the 
dilator pupillae is an increasing mono 
tonic function of the amount of adren 
ergic mediator liberated at the effector 
site, it may be concluded that under 


during stress 


(parallel ) 


stress a greater quantity of the adren 
ergic mediator is liberated. Therefore, 
the finding that the cold pressor test 


increased pupillary dilatation signifi 
cantly was interpreted as supporting 
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Fic. 2. Pupillary dilatation in normal sub 
jects exposed to the cold pressor test. 


the hypothesis that under a condition 
of stress, the human adult 
responds with an increased adrenergic 
outflow. 


normal 


When the rates of pupillary con- 
striction over a period of 5 seconds 
for the normal individuals at rest and 
under the condition of the cold pressor 
were compared, a significant difference 
was obtained (Figure 3). As opposed 
to the relationship observed during 
dilatation, the level of constriction of 
the pupil under the condition of the 
This 


suggested a decreased cholinergic out- 


cold pressor test was decreased. 


flow in normal humans under stress, 
when it was assumed that the degree 
of constriction of the sphincter pupil- 
lae was an increasing monotonic func 
tion of the amount of acetylcholine 
liberated at the effector sites 

The 


however, is contingent upon two basic 


significance of these findings. 
assumptions: that the cold pressor test 
is representative or equivalent to other 
forms of physiological or psychological 
that 
cholinergic reactivity 


and 
of the pupil is 
adrenergic-choliner- 


stress, and the adrenergic 
representative of 


gic mechanisms of interaction in vital 


neural integrative centers. If these 
assumptions are accepted, the follow- 
ing interpretation of the results of the 
experiment may be made with reason- 
able assurance. Upon exposure to a 
stress-engendering situation, the nor- 
mal human organism responds with 
an increased adrenergic outflow and a 
decrement in cholinergic outflow. This 
reciprocal balance between the sys- 
tems insures maximal mobilization of 
the resources of the organism required 
for “fight, flight, or fright.” 


\DRENERGIC-CHOLINERGIC REACTIV- 
ITy LEVELS oF FUNCTIONAL 
PSYCHOTICS 


Several additional experiments were 
performed by the author (Rubin, 
196la, 1961b) in order to test two 
additional hypotheses. The first hy- 
pothesis tested was that the population 
of psychotics exhibited three distinct 
levels of adrenergic activity and three 
distinct levels of cholinergic activity. 
The second hypothesis tested was that 
psychotics manifest patterns of neuro- 
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Fic. 3. Pupillary constriction in normal 
subjects exposed to the cold pressor test. 
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humoral dysfunction that deviate sig- 
nificantly from the pattern of normals 
at rest, as well as from the adrenergic 
increase and cholinergic decrease that 
characterizes the normal person dur- 
ing stress. Furthermore, the varieties 
of neurohumoral dysfunction could be 
represented by discrete patterns of 
levels of adrenergic-cholinergic inter- 
action, as described previously in Fig- 
ure l. 

To test these hypotheses, measure- 
ments of dilatation and constriction 
were obtained on 23 healthy, control 
subjects between the ages of 19-40 
To determine the extent of di- 
latation between the fifth and sixtieth 
seconds, independent of the individual 
differences in the final level of dilata- 
tion attained, the following measure 
The initial level 


years. 


ment was employed. 
of dilatation (mm.) was _ subtracted 
from the final (mm.) and the 
difference was divided by the final 
level of dilatation. The ratio obtained 
in this manner for each subject repre- 
sented the increase in diameter of the 
dark adapted pupil as a function of 
the maximal dilatation attained at the 
end of 60 seconds spent in darkness. 
\ssuming that the sample of healthy 


level 


subjects employed in the experiments 


is a random sample from a population 
with a normal distribution for the ob 
tained ratio, then the sample mean, 
as an unbiased estimate of the popula- 
tion mean, may be employed to deter- 
mine the likelihood of obtaining values 
for the ratio that deviate significantly 
in the direction of excessive or defi- 
cient dilatation. A graphic test to 
determine the normality of the dis- 
tribution (Bliss & Calhoun, 1954) of 
the dilatation ratio was performed 
The rankits were plotted against their 
corresponding variates and a straight 
line fitted easily by inspection 
This strongly suggested that the sam- 
ple of dilatation ratio scores was dis- 


was 
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tributed normally. One could now 
make inductive inferences from the 
sample with a reasonable degree of 
assurance. Consequently, the cumula- 
tive distribution function was em- 
ployed to determine the relative fre- 
quency with which observations fell 
beyond the extreme dilatation ratios 
obtained from the sample. 

In order to determine the extent of 
pupillary constriction, measurements 
of the diameter of the 1 minute dark- 
adapted pupil were obtained following 
exposure to a constant intensity of 
light that lasted for 1, 2, 3, 4, or 5 
seconds. A constriction ratio for each 
subject was obtained in the following 
avoid negative values, 
constriction (mm.) 
was subtracted from the invariably 
greater initial level (mm.) and then 
divided by the final level. The graphic 
test for normality of the distribution 
of the ratios was performed and it was 
found that they were distributed nor- 
mally. The cumulative distribution 
function was again employed to deter- 
mine the likelihood of obtaining con- 
striction ratios that fell beyond the 
extreme constriction values of the 
sample. 

The probability of obtaining dilata- 
tion or constriction ratios significantly 
greater than or less than the extreme 
values in each distribution then 
employed to evaluate the measure- 
ments obtained from a sample of psy- 


manner. To 
the final level of 


was 


chotics. 

The results to be described 
obtained on two samples of patients 
who were tested at two different psy- 
chiatric institutions. As the results 
of the first experiment w. e confirmed 
by the second experiment, the follow- 
ing description pertains to 71 patients 
who had been diagnosed as function- 
ally psychotic (Rubin, 1961b). Em 
ploying the probability limits obtained 
for the distribution of the dilatation 


were 
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ratio in the sample of normal individ- 
uals, it was found that 21 of 71 pa- 
tients manifested excessive dilatation, 
26 of 71 patients manifested deficient 
dilatation, and 24 of 71 patients mani- 
fested normal dilatation. These rela- 
tionships are presented in Figure 4 
where the mean dilatation ratio for 
each of the three groups at each time 
interval is presented as a function of 
the amount of time spent in darkness. 

Inspection of the figure clearly indi- 
cates that there are three 
dilatation that characterize the sample 
of patients employed in the experi- 
ment. The hypothesized three distinct 
levels of adrenergic activity, as meas- 
ured by pupillary reactivity, seem to 
have been confirmed. That is, if it 
is assumed that the magnitude of pu- 


levels of 
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Fic. 4. Reactivity levels of pupillary di- 
latation in psychotic patients. (The values 
of the ordinate, D;-D,/Dy;, consist of the 
final level of dilatation, mm., after 60 sec- 
onds of dark adaption, D;, minus the level 
of dilatation at each interval in darkness, 
D,, divided by the final level of dilatation, 
D, The 
of darkness in 
graphing of the pupil.) 


represents the intervals 


preceding photo- 


abscissa 


seconds, t, 
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Fic. 5. Reactivity levels of pupillary 
constriction in psychotic patients. (The 
values on the ordinate, D:-D;/D;, consist 
of the average diameter—mm.—of the con- 
stricted pupil at each interval, D;, minus 
the diameter of the maximally constricted 


- 


pupil after 5 seconds of light adaptation, Dy, 
divided by D;. The abscissa represents the 
duration of light adaptation in seconds, t.) 


pillary dilatation is proportional to the 
quantity of adrenergic mediator liber- 
ated, then it may be concluded that 
some of the patients liberated a quan- 
tity that was characteristic of normals 
at rest; others liberated more of the 
adrenergic mediator or had some en- 
zyme disorder such as monoamine oxi- 
dase underactivity ; and some liberated 
too little of the adrenergic mediator or 
had enzyme disorder such as 
overactivity of monoamine oxidase. 
Employing the probability limits ob- 
tained from the distribution of the 
constriction ratio in the sample of nor- 
mal individuals, it was found that 36 
of 71 patients manifested excessive 
constriction, 7 of 71 patients mani- 
fested deficient constriction, and 28 of 
71 patients showed normal constric- 
tion. These relationships are pre- 
sented in Figure 5 where the average 
constriction ratio for each of the three 
groups at each interval is represented 
as a function of length of time of ex- 
posure to a constant intensity light 


some 
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source. When the curve for those 
showing defective constriction is com- 
pared to the curve representing nor- 
mal constriction, it is that the 
amount of change in pupil size for the 
deficient group remains smaller than 
for normal constriction. For the group 
manifesting excessive constriction, it 
is apparent that the amount of con 
striction per unit time is much greater 
than that of the normal 
group. With respect to constriction, 
therefore, three each signifi- 
cantly different from the other, were 
found in the sample of patients em 
ployed in the studies. Assuming that 
the tendency toward constriction of 
the sphincter pupillae is proportional 
to the quantity of acetylcholine liber- 
ated, the demonstration of three levels 
of constriction suggests that: (a) in 
one group of patients, either excessive 


seen 


or defective 


levels, 


quantities of acetylcholine were liber- 
ated or there was deficient acetylcho- 
linesterase activity; (>) in a second 
group of patients, insufficient quanti- 


ties of the neurohumor were liberated 


or enzyme activity was excessive; (c) 
the third group manifested that level 
of cholinergic activity that was equiva- 
lent to the level of normal subjects 
These observations on the kinetics of 
and 


activity 
deduced 
the existence 


adrenergic cholinergic 


confirmed two hypotheses 
from the theory; 
of three distinct levels of adrenergic 
activity and three distinct levels of 
cholinergic activity. 

In order to establish that there are 
varieties of neurohumoral dysfunction 


that is, 


that comprise the population of func- 


tional psychotics, it remained neces 


sary to show that the disorders con 


sisted of an impairment of function 


of either the adrenergic or cholinergic 
both. 


patterns 


mechanism, or The demonstra 
these 


was derived from the following con- 


tion of of interaction 


siderations. Twenty-four out of 71 
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psychotic patients, it will be recalled, 
showed no impairment in the extent of 
dilatation. However, all of the mem- 
bers in this group manifested aberrant 
constriction. Twenty of the 24 mani- 
fested excessive constriction, while 4 
patients were deficient in constriction. 
Conversely, of the 28 psychotic pa- 
tients out of 71 who showed no im- 
pairment in constriction, all were aber- 
rant in the extent of dilatation; 12 
showed excessive dilatation and 16 
manifested deficient dilatation. In 
confirmation of the major hypothesis, 
it may be stated that all of the 71 pa- 
tients employed in the studies showed 
a significant impairment in either the 
tendency to dilatation or to constric- 
tion or both. Furthermore, if the 
magnitude of dilatation is considered 
to be proportional to the quantity of 
adrenergic mediator liberated, and the 
amount of constriction of the sphincter 
pupillae proportional to the quantity of 
acetylcholine liberated, then it may be 
concluded that all of the psychotics em- 
ployed in these studies were differenti- 
able into patterns of 
adrenergic-cholinergic imbalance. 

The varieties of adrengeric-cholin- 
ergic dysfunction elucidated indicate 
that the functionally 
psychotic individuals is heterogeneous. 
Thus, the current quests for a chemi- 
cal panacea that affects only one of the 
components of the autonomic nervous 
undirectionally do not 
promising. Instead, the results of 
these studies suggest that each pattern 
of adrenergic-cholinergic activity may 
require a specific combination of drugs 
which differentially affect the level of 
activity of either or both components 
(Table 1). 
study is that it seems to provide a ra- 
for the 
who require distinct chemotherapies 
as determined by their specific pattern 
of adrenergic-cholinergic imbalance. 


seven discrete 


population of 


system seem 


The value of the present 


tionale selection of patients 
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An obvious but unwarranted im- 
plication that may be drawn by the 
reader of the foregoing assertion is 
that the author believes with warrant- 
able assertability that these patterns 
of autonomic dysfunction are etiologi- 
cal factors in the functional psychoses. 
Admittedly, it is difficult to conceive 
of an environmental process that could 
produce central neurohumoral dys- 
function. However, the experiments 
described in this report were not de- 
signed to answer the question, “Is 
central neurohumoral dysfunction the 
invariable antecedent of psychotic be- 
havior or the effect of dynamic, en- 
-yironmental variables?” Although the 
answer to the question may be of 
academic interest, it would be 
fruitful to accept the attitude of a 
pragmatist and insist that truth is pre 
eminently to be tested by the practical 
consequences of belief. 


more 


ADRENERGIC-CHOLINERGIC DysFUNC- 
TION IN PsycHotTic CHILDREN 


The technique of employing pupil- 
lary measurements to determine adren- 
ergic-cholinergic steady-states that 
characterize adult psychotics was also 
applied to ascertain whether autistic, 
psychotic children were significantly 
differentiable from normal children 
An additional comparison could read 
ily be made between those steady-states 
that characterized normal children and 
the adrenergic-cholinergic responsivity 
of normal adults. Thus an opportunity 
was also afforded to contribute to an 
understanding of the ontology of au 
tonomic reactivity in normal individ 
uals. 

In the preliminary experiment to be 
described, data on dilatation and con 
striction was obtained on four normal, 
healthy children between the ages of 
7-9.5 years, and five autistic children 
between the ages of 7-12 years. A 


IMBALANCE 


TABLE 1 


A CLASSIFICATION OF FUNCTIONAL PSYCHOSES 
INTO DISCRETE LEVELS OF ADRENERGIC- 
CHOLINERGIC INTERACTION AND THE 
DERIVED CHEMOTHERAPIES 





Adrenergic- 
Cholinergic 
reactivity 
pattern 


Group Suggested chemotherapy 





A+C+ | Adrenolytic agent in ad- 
dition to an anticho- 
linergic compound 

| Anticholinergic com- 
pound 

Adrenergic stimulant in 
addition to an anticho- 
linergic compound 

Adrenolytic agent 

| Adrenergic stimulant 

| Cholinergic stimulant 

Adrenergic stimulant in 
addition to cholinergic 
stimulant 


AoC + 


A+Co 
A-—Co 
AoC 
A-—C 


statistical analysis of the rate of dilata- 
tion between these groups indicated 


that the slopes were equal and parallel 


but separated significantly by a con- 
stant (Figure 6). Again, assuming 
that the magnitude of the response of 
the dilator pupillae is an increasing 
monotonic function of the amount of 
adrenergic mediator liberated at the 
effector site, then the absolute level of 
adrenergic activity for the normal chil- 
dren is greater than that for the psy 
chotic children. This suggests that 
normal children have a significantly 
greater capacity for increased adren- 
ergic outflow than autistic children. 
When the two groups of children were 
compared with respect to the rate of 
constriction, it found that the 
rate was significantly faster for the 
normal children, although no signifi 
cant differences obtained in the final, 
absolute level of constriction (Figure 
7). This was interpreted as 
indicating that the rate of cholinergic 
activity was more rapid for normal 


was 


result 
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children. These results suggest that 
normal children have a greater capac- 
ity for sympathicoadrenal response, 
and, of equal importance, a greater 
manifest capacity to reestablish more 
quickly the vegetative functions me- 
diated by the cholinergic system. 
Clearly, autistic children demonstrate 
a pattern of autonomic dysfunction 
when compared to normal children. 
However, the limited sample sizes em- 
ployed in this preliminary experiment 
precluded the ultilization of the statis- 
tical techniques employed to establish 
discrete patterns of neurohumoral dys- 
function in adult psychotics. 
Reference to Figure 6 reveals an- 
other experimental comparison that 
may throw some light upon the on- 
tology of adrenergic responsivity. 
When the course of dilatation for nor- 
mal children was compared to that of 
normal adults, it was found that the 
mean pupil diameter at each interval 
for the children significantly 
greater than that of the normal adults. 
Again, if it is assumed that the amount 
of dilatation is proportional to the 
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Fic. 6. Change in pupillary dilatation as 
a function of the amount of time spent in 
darkness for normal adults, normal children, 
and autistic, psychotic children 
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Fic. 7. Change in pupillary constriction 
as a function of duration of light adaptation 
for normal adults, normal children, and au- 
tistic, psychotic children. 


amount of adrenergic mediator liber- 
ated, then it may be concluded that 
normal children have a significantly 
greater capacity for increased adren- 
ergic outflow. An interesting differ- 
ence in cholinergic reactivity was re- 
vealed when the course of constriction 
in normal adults was compared to that 
of normal children. A statistical analy- 
sis of the results presented in Figure 
7 revealed that adults 
fested significantly greater constriction 
than normal children. However, al- 
though the absolute level of cholinergic 
activity was found to be consistently 
greater for the normal adult, the rate of 
cholinergic activity was found to be sig- 
nificantly greater for the normal child. 
These results suggest that normal chil- 
dren and normal adults are significantly 
different with respect to autonomic 
responsivity. Furthermore, although 
the intermediate biochemical  (ge- 
netic?) factors responsible for the 
change in neurohumoral activity are 
not as yet known, it would seem that 


normal mani- 
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the normal child, as he develops into 
a normal adult, undergoes changes that 
reduce the level of adrenergic outflow, 
decrease the rate of cholinergic activity, 
and increase the absolute level of 
cholinergic outflow. 


SUMMARY 


The results of the studies described 
in this report confirmed several hy- 
potheses derived from a_ theoretical 
formulation of the role of adrenergic 
and cholinergic mechanisms in psy- 
chotic disorders. The salient features 
of the theory are: effective adjust- 
ments to emergency situations require 
a maximal, generalized sympathetic 


response ; to attain a maximal level of 


sympathetic activity, it is not only nec- 
essary that increased levels of adren- 
ergic outflow follow the emergency but 
that the level of cholinergic activity 
decrease; the neurohumoral dysfunc 
tions that characterize the psychoses 
represent significant departures from 
the adrenergic-cholinergic states that 
characterize the normal individual at 
rest and during stress; and the varie- 
ties of dysfunction represent discrete 
levels of activity of interacting adren- 
ergic and cholinergic mechanism. 
That is, each pattern of neurohumoral 
imbalance represents an impairment of 
function of either the adrenergic or 
cholinergic mechanism or both. 

The nature of the adrenergic impair- 
ment that characterizes some psychotics 
may be a neurohumoral deficiency of 
some biogenic amine or some enzyme 
disorder such as monoamine oxidase 
overactivity in the adrenergic centers 
of the brain. Other psychotics mani- 
fest adrenergic impairment by a neuro- 
humoral excess of some sympatho- 
mimetic amine that may be the result 
of some enzyme disorder such as 
monoamine oxidase underactivity in 
central adrenergic centers. Similarly, 


the cholinergic impairment of some 
psychotics may be characterized by ex- 
cessive concentrations of brain acetyl- 
choline or deficient acetylcholinester- 
ase, while other psychotics may possess 
an inadequate level of acetylcholine or 
excessive acetylcholinesterase activity. 
\ theoretical matrix of neurohumoral 
steady states, derived from considera- 
tions of the interaction of the levels 
of the two systems, characterized the 
population of functional psychotics as 
well as the normal individual at rest 
and under stress. 

The application of measurements of 
pupillary reactivity to the study of 
autonomic dysfunction in autistic, psy- 
chotic children demonstrated that ad- 
renergic-cholinergic imbalance clearly 
differentiated these children from nor- 
mal children. The significance of this 
obtained difference was evaluated with 
respect to the pattern of autonomic 
function manifested by normal adults. 

That the adult psychotic may be 
classified into any one of seven discrete 
categories of adrenergic-cholinergic 
activity levels throws reasonable doubt 
upon the current quest for a single 
chemical panacea. Instead, the eluci- 
dation of these discrete patterns of 
adrenergic-cholinergic activity suggests 
a rational approach to chemotherapy. 
Each pattern of adrenergic-cholinergic 
dysfunction requires a specific combi- 
nation of drugs that differentially affect 
the levels of activity of either or both 
components of the autonomic nervous 
system. 
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The problem solving process, which 


begins with the presentation of a 
problem, is terminated when the sub- 
ject arrives at a correct solution, when 
he arrives at an incorrect solution he 
believes correct, or when the experi- 
menter arbitrarily ends the experi- 
mental session. Performance on a 
problem is usually summarized by the 
proportion of subjects who solve, or 
by the mean or time to 
solution. A more complete descrip- 
tion of the data gives the success of 


median 


each subject (whether he obtained the 
correct answer or not) and the time 
taken; that is, a distribution of 
solution times or times until terminal 
error. One purpose of this paper is to 
show how the full distributions can be 
used to answer theoretical questions 
about the structure of the problem. 
Small ad hoc groups of subjects can 
work together on verbal 
Such cooperation seems natural and 
is appropriate to the nature of the 
problem and the usual behavior of 
college students. Generally speaking, 
small groups solve problems more 
rapidly and surely than individuals 
from the population (Faust, 
1959; Husband, 1940; Fox, 
Davitz, & Brenner, Lorge, 


puzzles. 


Same 
Lorge, 
1958: 
1 Developed from part of a _ doctoral 
dissertation submitted to Michigan State 
University by James H. Davis (1961). The 
first author directed the dissertation problem. 
2 Faculty Fellow of the Social 
Science Research Council. Now at Indiana 


Research 


University. 

3 During part of the work of this problem, 
Summer Fellow of the National Science 
Foundation. Now at Miami University 
(Ohio) 


& Solomon, 1955; Marquart, 1955; 
Shaw, 1932; Taylor & Faust, 1952; 
Thorndike, 1938; and Watson, 1928). 
The advantage of groups may be a 
simple effect of pooling, “‘two heads 
are better than one,” for in coopera- 
tive problem solving the group gets 
credit for the first individual insight. 
Other factors such as interference be- 
tween group members or emergent 
group facilitation of thinking must be 
measured as deviations from the 
“‘pooling’’ hypothesis. The 
second aim of this paper is to formu- 
late the pooling hypothesis so that it 
applies to distributions of solution 
times. 


simple 


MODEL OF THE DISTRIBUTION 
OF SOLUTION TIMES 


Suppose that time is divided into 
short equal intervals of duration h. 
In any interval the subject may either 
solve the problem or not. Imagine 
that there exists a probability ¢ that 
the problem is solved in the mth 
interval given that it has not been 
solved previously. The probability ¢ 
is taken by hypothesis to be constant 
over intervals. Then the probability 
that the problem is actually solved in 
exactly the mth interval is the prob- 
ability that it is not solved in any of 
the first m — 1 intervals (an event 
with probability (1 — ¢)""') times 
the probability that it is solved in.the 
nth interval. That is, 


e(1 — ¢)"" [1] 


the geometric distribution. This is a 
positively skewed (J-shaped) distribu- 


P(n) 
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tion with mean 1/¢ and variance 
(1 — ¢)/¢. 

To say that ¢ is constant over trials, 
that the probability of solving is in- 
dependent of how many times the 
subject may have failed to solve the 
problem, is in that 
problem solving is a one-stage, all-or- 
nothing This 
frequently unreasonable in that some 
problems clearly seem to involve more 
than one stage. 


effect to say 


process. assertion 1s 


Multi-stage Problems 


Suppose that to obtain the final 
solution the subject actually 
solve a sequence of stages. The stages 


must 


may be solved in fixed order, or it may 
be that the order of stages can be in- 
verted, but suppose that the subject 
actually can work on only one stage 
Furthermore, suppose that 
the time to solve an individual stage 
has the geometric distribution, and 
that the distribution of times to solve 
Stage 2 is independent of how long it 
took to solve Stage 1, etc. 
it is assumed that work on Stage 2 
does not even start until Stage 1 is 
completed.) The distribution of times 


at a time. 


(Of course, 


to solution for a k stage problem can 
be determined ; it isa random variable, 
and the sum of the k random variables 
which are the times to complete the 
k stages. If the & stages have the 
same probability of solution per in- 
terval, ¢, then the probability that 
the kth stage (and the whole problem) 
are completed at just trial N, is given 
by the negative binomial (Pascal) 
listribution, 


P(N;k, ¢) 


=(4-1) a 


An intuitive justification of this for- 
mula is given by Bush and Mosteller 
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(1955), Ch. 14) and its derivation is 
discussed by Feller (1957, pp. 155- 
157). Note that Equation 2 reduces 
to Equation 1 when k = 1. The ex- 
pected number of time intervals to 
solution, the expectation E(N), and 
the variance of number of intervals, 
are given by 


E(N) = k/¢ [3] 


[4] 


Although it is not likely that the 
various stages of a given problem 
would be equally difficult (have equal 
values of ¢g), there is great difficulty 
in estimating g’s of separate stages 
unless one has direct observations of 
the completion of various stages. 
Such analyses can sometimes be done 
but it is helpful to be able to deal 
directly with total solution time. For 
this purpose it is expedient to use the 
simplifying hypothesis that all stages 
are equally difficult, so as to be able 
to estimate the number of stages in 
the problem. 


Var(N) = k(1 — ¢)/¢ 


Continuous Time 


The above remarks deal with short 
intervals of time, yet time to solve a 
problem may be measured continu- 
ously. If the interval A is taken 
smaller and smaller, then the prob- 
ability of solution within interval h, 
¢g(h), also decreases but the ratio 
¥(h)/h will (in any application of the 
present theory) approach a limit. Let 


ies 2 ) 
d= tim (7 


and it can be shown by standard 


methods that for a one-stage process, 
the density function describing the 
distribution of problem solving times 
is 


f(t;d) = re [5] 





FRANK RESTLI 
the exponential distribution; and in 
the case of k equally difficult stages, 


g(t - A n k) é 


At (d2)! 
(k — 1)! 


— 
[6] 
the gamma distribution. The mean 
and variance of the gamma distribu 


tion are 
E(t) 
Var (t) e/ T Lo 


The exponential and gamma distribu- 
tions are conceptually just like the 
geometric and Pascal distributions 
given above; in fact they are limits 
taken by 


(intervals of duration zero). 


going to continuous time 


Estimates of Parameters 


A gamma distribution with pa- 
rameter Rk (k stages) is the distribution 
of the sum of & exponentially distrib- 
uted, independent, random variables. 


An exponentially distributed variable 


has mean equal to standard deviation, 
1/A, from Equation 7 and 8. 
When one adds independent random 
the mean of the sum is the 
sum of the means, and the variance of 


7 a 
variables, 


the sum is the sum of the variances. 
With more stages, accidental fluctua- 
tions tend to cancel out somewhat, so 
that the standard deviation becomes 
smaller relative to the mean, the more 
stages are involved. With increasing 
k, the gamma distribution becomes 
nearly symmetrical, and 

This property can be used to 


Note that 


more nar- 
rower. 
estimate the parameter &. 
from Equations 7 and 8, 


and 


so that 
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Given large samples of observations, 
it is possible to substitute the obtained 
mean and variance, t and s? for the 
parameters, obtaining the estimation 
equation 
[10 ] 
The authors have used this esti- 
mate, an example of the method of 
moments, instead of possible maxi- 
likelihood or minimum chi 
estimates. The method-of- 
moments estimate seems relatively 
insensitive to imperfections in the 
experimental procedure, and its gen- 
eral significance remains sensible even 
if the actual stages of the problem are 
not exactly equal in difficulty. If the 
stages differ in difficulty, then & can 
the actual 
model 


mum 
Square 


be considered as follows; 
problem is represented by a 
problem with equally difficult and 
independent stages, and & is the num- 
ber of stages in the model. The inter- 
pretation is like one common in in- 
formation theory; if a certain system 
transmits just 3 bits, it can be repre- 
sented by a system which perfectly 
discriminates exactly 8 equally prob- 
able signals. The value of 3 bits may 
actually be derived 
makes imperfect 
tions of 24 categories which are not 


from a system 


which discrimina- 
equally probable, but the model gives 
a general impression of the behavior 
of the system. Similarly, our use of a 
gamma distribution gives a general 
impression of the number of stages in 
a problem, of its ‘‘complexity,’’ with- 
out necessarily being correct about 
the detailed structure of the problem. 


| pplication 


Davis (1961) gave three problems 
to 178 undergraduates, and timed 
each subject on each problem. The 
order of the three problems” was 
changed from subject to subject. A 
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sizable fraction of the subjects arrived 
at wrong answers on some problems, 
and the wrong answers will be set 
aside; even if there are exactly k 
stages to solution of the problem, 
there is no assurance that it also takes 
k stages to arrive at a wrong answer. 

On the basis of subsidiary measure- 
ments, a relatively constant “reading 
time’’ could be subtracted from the 
total time consumed on each problem. 
When this was done, means and 
standard deviations of net solution 
time were calculated on each of the 
three problems. 

The first (Rope) problem described 

a prisoner attempting to escape from 
a tower, who found in his cell a rope 
which was half long enough to permit 
him to reach the ground safely. He 
divided the rope in half and tied the 
two parts together and escaped. How 
could this have been? The answer is 
that the rope is divided lengthwise. 
This problem was taken to be a “‘one- 
stage’’ problem in that the solution 
seems to depend on a single idea. 

The net mean time 131.3 

seconds, the standard deviation was 
115.5, whence the estimated number 
of stages is (131.3)?/(115.5)? = 1.3 
not far from the one stage 
predicted. In fact, it is possible that 
the taken to the solu- 
tion might produce the modest dis- 
crepancy. 

The second (Word Tangle) problem 
was a more complex one: “If the 
puzzle you solved before you solved 
this one was harder than the puzzle 
you solved after you solved the puzzle 

i you solved before you solved this one, 
was the puzzle you solved before you 
solved this one harder than this one?” 
Subjects were to answer yes or no and 
why. The answer (yes) requires 
canceling of several mutually defeat- 
ing phrases. Net mean time was 264.8 
seconds, with a standard deviation of 


was 


stages, 


time write 
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154.1, so that the estimate of k is 
3.0 stages. 

The third (Gold Dust) problem was 
a more complex version of the stand- 
ard water-jug problem. Given con- 
tainers of 163, 14, 25, and 11 ounces, 
obtain exactly 77. Solutions are to 
subtract, from 163, either 2(25) + 14 
+ 2(11), or 25 + 2(14) + 3(11), ie., 
either five or six manipulations. The 
net mean time was 373.0 seconds, 
standard deviation 166.7, whence the 


estimated number of stages is k = 5.0. 


The estimates of number of stages of 
of these problems seem, to the present 
writers, quite in accord with our 
intuitive judgments of number of 
stages. When a group of students, 
after having solved the problems, were 
asked to estimate the number of 
stages in the three problems, their 
mean judgments were 2.8, 4.0, and 6.3, 
These judgments are 
consistently higher than those 
tained from the distributions of solu- 
tion times, but the correlation is re- 
markable and indicates that our 
judgments as to the relative number 
of stages in the three problems agree in 
substance with judgments of student 
solvers. 


respectively. 
ob- 


In addition, it was found that the 
gamma (Equation 6) 
give satisfactory fits to the obtained 
distributions of solution times on the 
three problems. The obtained cumu- 
lative distributions of time to correct 
solution of the three problems are 
shown in Figure 1, along with fitted 
gamma distributions. An investiga- 
tion of overall goodness of fit of the 
theoretical gamma distribution was 
made separately for each problem, 
using the Kolgomorov-Smirnov one- 
sample test. The maximum dis- 
crepancies between theoretical and 
observed distributions were all well 
within the .05 acceptance region for 
all three problems. 


distributions 
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Cumulative relative frequency of individual solvers and fitted gamma distributions 


with k = 1.3, 3.0, and 5.0 for Rope, Word Tangle, and Gold Dust Problems, respectively. 


Meaning of the Model for Distribution 
of Solution Times 


The model for the distribution of 
solution times assumes that the times 
subjects take to solve a problem vary 
widely because solving a_ problem 
involves having only one or a few 
ideas, in sequence; and the time to 
is taken to be a random 
This seems a natural con- 


an idea 
variable. 
sequence of thinking of such a problem 
The 


less 


solving process as “insightful.”’ 
other, 


detailed model includes 
attractive, simplifying assumptions. 
One is that the stages of a problem are 
all equally difficult. Another is that 
the same parameter \ applies to all 


members of the population tested. 


These assumptions are probably wrong 
in detail, though small deviations may 
not be easily detectable from the kind 
of data we have used. It is empha- 
sized that they are only simplifying 
assumptions which are made, in this 
model, because we were not able to 
separate and measure the stages of 
solution of the problems (because we 
did not, originally, know what they 
might be, and we are not sure now), 
and we did not have good individual 
differences predictors for our subjects. 


POOLING OF ACCOMPLISHMENTS 
IN GROUPS 


In the usual experiment on problem 
solving by groups, groups are better 
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than individuals. If ‘Eureka’ prob 
lems are used, the group is likely to 
solve successfully as soon as the first 
group member arrives at the correct 
If it is assumed that group 
members are just as effective in groups 


solution. 


as they would be working alone, then 
it is possible to predict group from 
individual performance, provided that 
individuals and members of group are 
randomly from the 
population of subjects, and groups are 
formed randomly. 

The one model available for such 


sampled same 


predictions is by Lorge and Solomon 
(1955) who divide the population into 


“i 9? sé eee OP . 
solvers” and ‘‘nonsolvers,’’ use tests 


r 
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of individuals to estimate P,; (the 
proportion of solvers among indivi- 
duals) and then predict that the 
probability of finding at least one 
solver in a group of size r will be 
P, =1-— (1 — P,;)". Using this 
theory it is possible to transform the 
cumulative distribution of individual 
solvers, which gives P; as a function 
of t, into a cumulative distribution for 
groups of size r, though Lorge and 
Solomon do not do so. 

Lorge and Solomon also note that if 
a problem has more than one part or 
stage, it is possible that a group will 
solve it though no individual in the 
group can solve it. Different group 








Fic. 2, Part 1. 


Fic. 2. 


intervals, predicted by Lorge-Solomon Model (k 


The solid and broken lines, represent cumulative relative frequency at 50-second 


= 1,k = 2, respectively) for groups of Size 4, 


(Observed group performance, for the same intervals, is given by solid points.) 
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members may be able to solve differ- 
ent parts, and then pool their abilities 
to obtain an emergent solution. If 
the abilities to solve the various parts 
are equally frequent in the population 
and are independent, this gives a 
decided extra advantage to groups. 
With k equally probable stages the 
probability of a group solution with r 
people is: 
P, [ii] 

used to 
of group 


[1 = (f P,/*) P 


11 


a 


also can be 


distribution 


Equation 
generate 
solution times given a distribution of 


individual solving times, for any 


given value of k. 
The use of the waiting-time model 


Nn 


ECONI 


Part 2. 


for the distribution of solution-times 
vields an estimate of k for a problem, 
from the distribution of individual 
solution times. That estimate can be 
inserted for k in Equation 11, and 
group performance can be predicted 
from individual performance. Davis 
(1961) performed the appropriate 
experiment. In addition to the 178 
individuals, he had 22 four-person 
groups work on his three problems. 
Recruitment of subjects, working con- 
ditions, instructions, etc., were closely) 
comparable for individuals and groups. 
When Equation 11 is used to predict 
group from individual solution times, 
the results are very inaccurate. Fig- 


ure 2 shows the predicted group 
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performance (from Equation 11) and 


the obtained distributions on the 
Rope, Word Tangle, and Gold Dust 
problems for k = 1 and k = 2. The 
actual estimates of k& were 1.3, 3.0, and 
5.0, which would obviously give ex- 
tremely inaccurate estimates. 
However, deeper consideration 
shows that the Lorge-Solomon model 
is not the proper one to be used with 
the waiting-time model developed. 
Lorge and Solomon begin by dividing 
the population into solvers and non- 
solvers. To obtain more complete 
predictions, we extended the idea to 
“solvers by time ¢”’ and “‘nonsolvers at 
time ¢,’’ which legitimate 
extension of the ideas of Lorge and 
we earlier had 


seems a 


Solomon. However, 


Part 3. 


generated the distributions of solution 
time from the assumption that solu- 
random event, and all 
had equal probability of 
solution in a given interval. The 
Lorge-Solomon model takes the in- 
dividual performance as a fixed fact 
identifies solvers and non- 
solvers, assumed to individuals 
with different abilities. The random 
waiting-time model leads to a dif- 
combination-of-contributions 


tion was a 


subjects 


which 
be 


ferent, 


model. 


Com#ination of Contributions 


Consider a group of subjects none of 
whom misinterprets the problem or 
arrives at a wrong solution. Suppose 
that for each subject the problem 
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involves the same & stages each of 
which has an exponential distribution 
of time-to-completion of Xe. With 
r subjects in a group, it can be shown 
that group per- 
formance the gamma 
distribution, 


the distribution of 
is given by 


g(t; rr, k) 


rr 
e rht (yr 7)* l 


) 
(k — 1)! [12] 


which is precisely the same gamma 
distribution derived for individual 
performance except that the rate (A) 
is increased by a factor of r, the size 
of the group. Part of the proof is 
given. Within a short interval h, 
given that no one has solved a certain 
stage, the probability that some one 
in the group will solve is 1 — (1 — W)". 
As h is taken small, ¥ becomes small, 
in which case 


1-(1-—W¥)'=1-—1+7r¥ 


“(seta ()e 


approaches r¥. The reason is that all 
terms involving WV’, V*, etc., become 
relatively negligible when WY becomes 
small. Hence, in the limit, the dis- 
tribution of time to a given 
approaches ri. 

This calculation provides a predic- 


stage 


tion of group problem solving if no 
subjects arrive at wrong solutions. 
Preliminary results of an experiment 
by R. Hoppe at Michigan State 
University’ give some support for this 
model. Hoppe used Rokeach’s (1960) 
“Doodlebug” problem and_ tested 
individuals, and groups of Size 2 and 3. 
In Hoppe’s study the subjects could 
ask the experimenter questions and 
were, in the main, redirected when 
they had made a serious mistake, so 
that all subjects and groups either 


‘Ronald Hoppe, personal communication, 
1961. 
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solved the problem correctly or ran 
out of time. The data were in agree- 
ment with the hypothesis that all 
time distributions were of the same 
shape (it is not possible to make a 
good test of the gamma distribution 
since a substantial proportion of 
subjects failed to finish) and that the 
rate of solution is roughly propor- 
tional to the number of people in the 
group. 

In Davis’ (1961) experiment the 
subjects received no redirection from 
the experimenter, and about half of 
the individuals arrived at wrong 
answers on the two harder problems 
(Word Tangle and Gold Dust). The 
effect of wrong answers in the group 
situation is not directly known, since 
observations did not enable the ex- 
perimenter to tell which members of 
groups had solved the problem. How- 
ever, two plausible hypotheses can be 
and they lead to two 
predictions regarding 


formulated, 
quite distinct 
group performance. 
Hierarchical model. 
that subjects going 
referred to here as nonsolvers, are 
nonfunctional in their groups. If so, 
a group with two solvers and two non- 
solvers will solve the problem just as 
rapidly, on the average, as a group of 
two solvers alone. (It is assumed that 
in Eureka problems, groups will not 
agree on a wrong solution.) Non- 
solvers would be nonfunctional if, for 
example, the solvers suppress non- 
solvers and form an intellectual hier- 


It is possible 
“off the track,” 


archy within the group. 

If a group of size r has A solvers and 
B=r-—A_ subjects who are non- 
then by the Hierarchical 
model the distribution of time to 
solution should be a gamma dis- 
tribution, g(t; AX, k). - If a proportion 
a of individual workers solve the 
problem, then the probability that a 
group of size r has exactly 4 members 


solvers, 
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who will solve is 


P(A) = ( ? exe —a)4, [13] 


a binomial distribution. 

The distribution of solution times of 
a collection of groups will then be 
described by the density function, 


fut) = © P(A)g(t; Ad, &) 14] 
A=0 


if the hierarchical model is correct. 

Equalitarian model. Another possi- 
bility is that those subjects who go off 
the track, the nonsolvers, continue to 
take full part in group discussion 
though they do not arrive at solutions. 
This idea leads to the hypothesis that 
the nonsolvers would consume their 
share of the group’s time, slowing up 
the other members of the group. This 
would mean that the _ probability 
that a solver in the group solves in 
unit time is reduced from A to 
[4/(A + B)]A, when there are A 
solvers and B nonsolvers present. 
The distribution of solution times for 
such a group is, by the argument 
leading to Equation 12, 


4 
e (1:4 A+ 5»*) 


A? 
e (+: 5 ri RB» e) [15] 
Given that the probability of an in- 
dividual’s solving is a, the distribution 
of solution times of a collection of 
groups will be described by the density 
function, 


fe (t) 


-T A 
> | Pne(ts 35 r, ‘)| [16] 


if the equalitarian model is correct. 
The evidence of Davis’ (1961) ex- 
‘periment is that the hierarchical 
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model is seriously in error, and the 
equalitarian model yields predictions 
which are quite close to the data, not 
seriously in error. The Kolgomorov- 
Smirnov one-sample test leads to 
rejection of the distribution calculated 
from the Hierarchical Model, for the 
word tangle and gold dust problems, 
at the .05 level of significance. The 
distribution derived from the Equali- 
tarian Model is accepted at the .05 
level for all three problems. Of 
course, with only 22 groups, the sta- 
tistical acceptance is not decisive. 
Predictions from these two combina- 
tion-of-contributions models, along 
with the distributions of group per- 
formance, are shown in Figure 3. 
Subsidiary evidence in the form of 
sociometric choices and communica- 
tion frequencies (Davis, 1961) was 
collected, and the results agree in 
substance with the assumption of an 
equalitarian group structure. 


DISCUSSION 
Structure of Problems 


The estimates of number of stages 
of the Rope, Word Tangle, and Gold 
Dust problems would be very im- 
pressive evidence, except that we have 
no strong independent measurement 
of the number of stages in such prob- 
lems. The intentions and judgments 
are suggestive but not decisive. The 
number of stages in a problem is the 
number of distinct ideas required to 
obtain the solution. The number of 
stages is the number of ideas which 
must be conjoined to obtain the 
solution—the subject must have Idea 
1 and Idea2and ...,etc. If there 
were alternative answers, the subject 
could have Idea 1 or Idea 2 or... , 
and these would not be stages. This 
analysis makes it possible to compare 
stage-estimates from the data with the 
logical structure of the problems; and 
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Fic. 3. The solid lines represent cumulative relative frequency predicted by the Hier- 
archial and Equalitarian Models for groups of Size 4 Observed group performance is give 
by solid points 


the agreement is good. Unfortu- tion. The writers do not foresee an 
nately, we are not sure how to identify easy and immediate answer to the 
‘‘ideas”’ in the sense used above, hence question of problem structure. 
the logical analysis is not sure of its Stages versus parts. In the special 
elements. model above it was assumed that the 
What is needed, obviously, is an stages are to be accomplished in 
experimental separation of stages in sequence. If there are simply & parts 
problem solving. Hoppe’s work, men- which must be accomplished, in any 
tioned above, attempts such an anal- order, then the distribution of times 
ysis. A difficulty is that one can may be changed. If the subject is 
hardly separate the stages of a_ thought to work on only one stage at 
problem, experimentally, unless he a time, solving the stages in some 
knows what those stages are. Verbal irregular order, then the gamma dis- 
protocols of problem solving process tribution model applies. However, 
are useful for identifying parts, but if ideas for different parts of the 


they present difficulties of interpreta problem can arise freely and_in- 
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dependently, a new distribution arises. 
Solution time of any part will be 
exponentially distributed, but until 
the subject has solved the first part 
there are k parts which may be solved. 
Hence the rate until the first part- 
solution is kA. After one part is com- 


pleted, there are k.— 1 parts left and 


the rate until the second part is 
(k — 1)d. Finally, when there is only 
one part left, the rate is X. 
“‘rates’’ can be defined as above if the 
distribution of times until the next 
stage is assumed to be exponential.°® 
The resulting distribution is rather 


These 


‘The writers are indebted to Herman 
Rubin for the formulation and solution of this 


mathematical problem. 


complicated, but its mean and vari- 
ance can be developed easily. Since 
the mean of each of the waiting times 
is independent of the others by hy- 
pothesis, the total mean is the sum of 
k waiting times with means 1/A, 
1/(2d),---, 1/(kA). Hence the mean 
total time to solution, E(7), is 


(7) =(1/d) 
* (1+1/241 


3+: [17] 


By a similar argument, the variance 
of total times is 


+> +1/k) 


Var(T) = (1/A?) 
XL1+ (1/2)?+ (1/3)?+ 
+ (1/k)*] 


[18] 
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TABLE 1 Table 1 shows how mean and 
Some STATISTICS OF PROCESSES WITH Parts standard deviation, and also the value 
(Which May be Solved Concurrently) of yu*/o?, progress with more and 
AND PROCESSES WITH STAGES more parts. Comparable values for 
(Which are Solved Successively) “ ” ‘ . 
stages,” i.e., parts which must be 
: solved in succession, are shown for 
. pl 
Number contrast. 

of parts fs . 

Possible effects of wrong solutions. 


or stages 
ag Parts) Stages; Parts | Stages) Parts | Stagse 


. The Equalitarian model for predicting 


00 | 1.00 | 1.000) 1.000 1.000) 1.00 — group from individual performance 
.50 | 2.00 | 1.108) 1.414 1.800) 2.00 


33 | 300/1117/ 1.731 2469| 3090 Was chosen because it seemed to take 
08 | 4.00 | 1.119; 2.000' 3.049) 4.00 proper account of the fact that some 
2.28 | 5.00 | 1.210) 2.238) 3.562) 5.00 subjects may arrive at wrong but self- 
2.45 | 6.00 1.221) 2.452) 4.025) 6.00 satisfying answers. However, wrong 
59 | 7.00 | 1.229) 2.642) 4.447) 7.00 7 ; : : 
solutions may distort the distribution 
72 | 8.00 | 1.236] 2.828) 4.836 8.00 © o luti 
83 | 9.00 241!) 3.000' 5.198) 9.00 O ; times to correct solution. i 
93 10.00 1.245) 3.161| 5.536 10.00 estimating the number of stages to 
solution and working out the waiting- 
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time model, subjects who arrived at 
wrong solutions were eliminated from 
the data. This seems reasonable, for 
the number of 
solution 


stages to a wrong 
be different from the 
number of stages to a correct solution. 
However, this conditional distribution 
of times (times to solution given that a 


may 


correct solution is reached) may be 
misleading. The difficulty is that a 
subject who happens to take a long 
the correct answer 
an increased vulnerability to error, 
whence long times to correct solution 


time to get has 


may be systematically less frequent 
when errors occur than they would be 
if the whole distribution were known. 

The difficulties can be studied by 
investigating the properties of random 
systems with more than one outcome. 
rhe 
to the present writers is that proposed 
by LaBerge (1960)® which permits 
any of several responses which involve 
ki, ke stages respectively. La- 
Berge derives the distribution of times 
to completion of the k; stages of Out- 
that 


most general model available 


come 1. provided Outcome 1 
occurs. 

One special model may be called 
the ‘‘misreading’’ model, in which it 
is supposed that the subject may, at 
the very beginning, make a choice 
which leads to a wrong solution. The 
subject either enters into a process 
which leads to (with the 
gamma distribution of Equation 8), 
or onto some other which leads to 
failure. The conditional distribution 
of times to correct solution, given that 
a correct solution and not an error is 
attained, is the original gamma dis- 
tribution. 

A. third that the 
subject may at any time before solu- 
tion make a decision which leads to a 


success 


possibility is 


6 LaBerge, D. A statistical theory of 
discrimination behavior. (Prepublication 
draft, December 1960.) 
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wrong answer. Consider that this 
wrong decision is a unitary event 
which has a constant probability of 
happening at any time, given it has 
not already happened, up until the 
problem is solved. Then the acci- 
dental event will have an exponential 
distribution. The density (prob- 
ability per time interval) of solution 
of the problem will be the product of 
the original gamma density, g(t; A, 2) 
and the probability that the acci- 
dental event has not occurred. If the 
constant probability-per-unit-time or 
rate of the accidental event is a, the 
probability that it has not occurred by 
time ¢ (provided the problem is not 
solved before t) is e~**. The condi- 
tional density of solution at time f, 
given that a correct solution is at- 
tained, is 


f(t; A, a, R) 
g(t; A, k)e~** 


[ g(t; A, k)e~*'dt 


J0 


A 
; 2. mae 


A+a)t jk-1 
(k — 1)! (A) 


‘cane eee [20] 
[ ai ) e— Ota) t (Vt) & dt 
J0 — m4 





The numerator is simply 


d k 
g(t; A+a, » (+) [21] 


and the denominator is 


X k 20 
(3) [ g(t; A +a, k)dt 


The step from Equation 20 to Equa- 
tion 21 is accomplished by noting that 
g(t; +a, k) 


Ata 


(k — 1)! 
(r + a) *ke— Ota) tpk—l 


e Ota)‘ ( + a)t 
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If this is multiplied by [A/(A + a) 
one obtains the numerator of Equa- 
tion 20. 

Hence the conditional distribution 
of solution times is 


g(t;A a,k) [23] 
a gamma dist: ibution with the original 
number of stages, k&, but with rate i 
creased to A + a. 
a correct solution is [A/(A + a) }*. 

In summary, three effects of wrong 
solutions were mentioned ; they might 
distort the distribution from a gamma 
to some other distribution (if the 
subject works concurrently on stages 
of several different processes leading 
to several answers), it might leave the 
conditional distribution of 
times unchanged (if errors arise only 
through an initial wrong decision such 
as misreading the problem), or it 
might leave the conditional distribu- 


solution 


tion a gamma, still with & stages, but 
increase the rate of solutions, (if entry 
onto an erroneous path is thought of 
Of these, 
the third seems most in accord with 
the problem situation in 
Davis’ (1961) experiment. 

Unhappily, we do not have the data 
needed to decide which of these possi- 


as a unitary random event.) 


solving 


bilities, if any, occurred in the Davis 
(1961) experiment. As we under- 
stand it, the LaBerge formulation 
could be fit to the data exactly only 
if we knew what all the wrong solu- 
tions were and could estimate the 
number of stages and the rate pa- 
rameters of each. Davis’ experiment 
was not designed to facilitate such an 


investigation, and the necessary anal- 


ysis is not feasible. Since LaBerge’s 
model involves parameters we cannot 
estimate, it cannot be compared with 
the other models validly. The mis- 
reading model and the accidental 
event model do not require analysis of 
the inner structure of erroneous 


The probability of 
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solutions, hence can be applied to the 
data. both lead to 
gamma distributions of correct so- 
lution, both agree with Davis’ re- 
sults. Only a detailed qualitative 
analysis of protocols, or a technique 


present Since 


for eliminating wrong solutions with- 
out otherwise disturbing performance, 
would indicate which model is correct. 
In fact, some subjects might misread 
and others err through an accidental 
random event, and the conditional 
distribution of correct solution time 
would still be a gamma distribution. 

This theoretical result increases the 
plausibility of the gamma distribution 
as an hypothesis by showing that it 
might, under reasonable conditions, 
characterize data from problems with 
quite different frequencies of wrong 
solution. 


OTHER MODELS FOR OTHER 
KINDS OF GROUPS 


The predictions of group perform- 
ance in Davis’ experiment wére for 
ad hoc groups of equivalent members, 
with no discernable social inequalities. 
Furthermore, the nature of the prob- 
lems was such that ideas were pooled 
with little controversy over the cor- 
rectness of a correct proposal. In a 
‘“‘team’”’ it sometimes happens that all 
members must solve their parts of the 
problem before the group succeeds. 
Then the probability of group solution 
is the joint probability that all mem- 
bers have completed their tasks by 
time ¢. If the individual assignments 
are unitary problems with the same 
difficulty, and all members of the 
group can work concurrently (as in 
servicing an automobile) then the 
model leading to Equation 17 and 18 
should describe the situation. If one 
stage of the process must wait upon 
completion of another stage, then 
combining the individual contribu- 
tions can lead to a gamma distribu- 
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tion. If solution of the problem is 
mainly a matter of decision rather 
than invention, then the probability 
time ¢ may be the 
probability that all group members 
accept the idea at that time. 
Changes of opinion, persuasion, and 


of decision by 
same 


the invention of compromises are the 
events of primary interest, and the 
main results of the present paper do 
not apply. 

These remarks emphasize that the 
mathematical theory used in_ this 
paper is not a general theory of group 
problem solving, but is a careful and 
precise formulation of some hypotheses 
about one particular kind of group 
problem solving. The hypotheses de- 
pend both upon the constitution of the 


groups and the nature of the problems. 


RELATION TO OTHER AREAS 
OF PSYCHOLOGY 


Che mathematical forms discussed 
in this paper have applications else- 
The notion that 
an individual stage of problem solving 


where in psychology. 


will have an exponential distribution 
of solution time, is essentially the 
same as the hypothesis that a unitary 
will occur on a geo- 
trial. Both 
statement that the 
probability of 


learning event 
distributed 
the 
constant 
until it 

learning theory, this is the hypothesis 


metrically 
arise from 
event I 


occurring, does occur. In 
learning (Bower, 
1961b, 


process, in- 


of “all-or-nothing”’ 
1962; Estes, 1960; 
1962). A truly 


divisible 


Restle, 
unitary 
and independent of other 


should 


probability of occurrence 


processes, have a_ constant 
If an event 
is not unitary but a compound, then 
every effort should be made to tease 
apart the stages involved in_ it. 
Hence the geometric and exponential 


distributions (for trials and continu- 
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ous time, respectively) give a theory 
for any event which can properly be 
left unanalyzed. 

The only compounds which do not 
require detailed analysis into parts are 
those made up of equivalent parts. 
A beam of light can be thought of as 
a compound of unitary emissions of 
but the interesting 
‘estion about such a beam is the 
photons, since separate 
photons are all alike. Thus, an ideal 
compound event must be one made up 
of equivalent, identically distributed 
parts. The gamma distribution de- 
scribes compounds of the type used in 
this paper. Previous applications of 
gamma distributions include Bush and 
\losteller (1955, Ch. 14) on the time 
rats take to traverse a runway, and 
Restle (1961a) on simple reaction 
ime, l 

Similarly, the simplest kind of 
model for comparing group with in- 
dividual performance is one which 
assumes that people in a group are, in 
all ways possible, just like people 
working alone. In a nonevaluative 
sense one can say that the Lorge- 
Solomon models, and the variations 
given in the present paper, are all 
versions of this ideal hypothesis. 


yhotons, only 
I 


number of 


Any deviations between model and 
data suggest the action of factors more 
complex (and perhaps more interest- 
ing) than the very simplest 


possi- 
bilities discussed here. For example, 
since Davis’ groups did not reach the 
level predicted by Lorge-Solomon 
models, it became possible to intro- 
duce the hypothesis that individuals 
who have entered on a wrong inter- 
pretation of the problem take up their 
share of group time and interfere with 
the progress of others. Discrepancy 
from one model became a measure- 


ment of a previously unmeasured 


factor. 
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SUMMARY 


A waiting-time model was devel- 
oped to give a distribution of times to 
solution, for word puzzles. The dis- 
tribution depends upon the number of 
stages involved in solving the problem. 
Experimental results showed that 
the theoretical distribution (gamma 
distribution) gives a good fit to the 
data, and the estimated number of 
stages agrees well with intuition and 
judgments. A theory of “pooling of 
contributions” was developed to de- 
scribe the superiority of groups over 
individuals in solving word puzzles. 
Experimental results suggested that 
subjects who have misunderstood the 
problem and will arrive at wrong 
nevertheless consume their 
share of group time. With this addi- 
tion, the contributions 
theory accurately predicts group prob- 
lem solving data. Some alternative 
models, resulting from different prob- 
lem structures and different kinds of 
groups, were discussed, and the wait- 
ing-time theory was shown to be 
related to the concept of ‘“‘all-or- 
nothing’”’ learning. 


answers, 


pooling of 
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THEORETICAL NOTES 


THE MOLECULAR BASIS OF MEMORY AND LEARNING 


MICHAEL H. BRIGGS anp G. BARRIE KITTO 


Victoria University of Wellington, New Zealand 


In recent papers, Gaito (1961) and 
Hyden (1961) have suggested that nerve 
activity results in a rearrangement in 
the sequence of monomers of certain high 
molecular weight polymers (nucleic acids 
and proteins) found in brain cells, or in 
the synthesis of additional polymers of 
novel sequences, and that this rearrange- 
ment or synthesis is the molecular basis 
of memory. It is the purpose of this note 
to show that the mechanisms 
whereby such rearrangements or syn- 
theses could occur predict chemical brain 
changes incompatible with present ex- 
perimental evidence, and, moreover, that 
current biochemical knowledge of nucleic 
acids renders the hypothesis almost cer- 
tainly false. The evidence brought for- 
ward in support of polymer sequence 
rearrangement is then shown to be com- 
patible with a second hypothesis that is 
not contrary to current biochemical views 


only 


on biopolymers. 

There are three main types of poly- 
mers ! all cells, including neurones. 
The deoxyribonucleic acids (DNAs) are 
confined to the nucleus and, in the form of 
nucleoproteins, are the major constituents 
of the genes. There are two types of 
ribonucleic acids (RNAs). A _ soluble 
form (messenger-RNA) apparently 
synthesized in the nucleus and then trans- 
ferred to the cytoplasmic ribosomes. 
These structures contain insoluble RNAs 
and are the site of protein synthesis. 

The interrelations of DNA, RNA, and 
Every cell 
contains at least one type of DNA mole- 


in 


1S 


protein are relatively simple. 


cule for every gene. These molecules are 

1 Details of the biochemistry of DNA, 
RNA and their relation to protein biosyn- 
thesis can be found in numerous publications, 
e.g. Abrams (1961), Leslie (1961). 


chemically identical to the DNAs of the 
parent cells. Each DNA molecule is a 
long, unbranched chain of nucleotides, 
which usually occurs chemically bonded 
to a second molecule in the form of a 
twin helix. Replication of a DNA mole- 
cule occurs only at cell division when the 
two components of a helix separate and 
each serves as a template for the synthesis 
of a new polynucleotide to form two new 
helices. 

As these processes occur only at cell 
division, it is clear that the DNA mole- 
cules in the nucleus of a neurone are 
permanent structures, and there 
experimental! evidence of any significant 
change in quantity with time.? The base 
sequence of any particular DNA molecule 
is determined by the base sequence of the 
template on which it was formed (Korn- 
berg, 1960). It has been demonstrated 
that no polynucleotide synthesis occurs in 
the absence 6f a template (Kornberg, 
1960). 

This evidence rules out changes in the 
sequence of DNAs molecular 
“memory banks.” There no way in 
which electrical changes in the cell walls 
of neurones could interfere with the proc- 
ess of polynucleotide synthesis to give 
new base sequences. DNA formed 
only on a template, spontaneous coupling 
of nucleotides not occur. Hence, 
even if DNA molecules of the nucleus 
were fragmented by an electrical impulse, 
they would not recombine into polynucleo- 
tides of different base sequence. 

The only known mechanism for alter- 
ing the base sequence of a DNA molecule 


is no 


base as 


is 


1S 


does 


2 Total brain DNA reaches a minimum in 
man at about age 30 years, then steadily in- 
creases. Changes in individual brain cell 
DNA concentrations are at present un- 
investigated. 
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is by reaction with a mutagenic agent. 
These are compounds which chemically 
alter the purines and pyrimidines of the 
polynucleotide (see, for example, Freese, 
1961). The effect of a mutagen is to 
alter the base sequence not by a rear- 
rangement of the existing bases, but by 
the conversion of some of the bases in situ 
on the polymer molecule to other related 
compounds, not normally found in DNAs. 
It could be hypothesised that nerve im- 
pulses produce chemical mutagens in vivo. 
However, this cannot be true for no un- 
usual bases have been found in brain 
DNAs, nor incidentally, in brain RNAs. 

Nuclear DNAs continually serve as 
templates for the synthesis of messenger- 
RNA. The base sequence of the DNA 
template determines the base sequence of 
the messenger-RNA formed on it (Weiss 
& Nakamoto, 1961). Again, there is no 
opportunity for electrical impulses to in- 
terfere with the process to give a messen- 
ger-RNA of base sequence undetermined 
by its DNA template. The steric rela- 


tionships necessary for synthesis on the 
template are absolutely specific for par- 


ticular bases (Abrams, 1961). 

After transfer to the 
RNA serves as template for protein bio- 
synthesis. The sequence of amino acids 
in any particular type of cell protein (in- 
cluding enzyme proteins) is determined 
directly by the base sequence of the RNA 
on which it forms, and, of course, indi- 
rectly by the base sequence of the DNA 
on which the RNA was formed (Speyer, 
Lengyel, Basilio, & Ochoa, 1962; Sueoka, 
1961). 

It is quite clear that the only way in 
which electrical impulses could disrupt any 
of these template mechanisms to give al- 
tered monomer sequences is by the forma 
tion ofa mutagen. The absence of unusual 
bases in brain nucleic acids precludes this 
possibility. Moreover, even if a change in 
polymer base sequence was caused in a 
neurone by some outside influence, the 
effects would probably not have the re- 
sults desired by Gaito (1961). Thus, 
unless the alteration in monomer sequence 
were a large one, which would certainly 
be disastrous for the cell due to the pro- 


ribosomes, the 


duction of foreign protein, the only ef- 
fect would be some small change in the 
amino acid sequence of a protein. To be 
of any consequence this would have to 
be an enzyme protein. If the change oc- 
curred at the active center, the enzyme 
would lose its catalytic properties and be 
useless to the cell. If the change oc- 
curred elsewhere in the protein molecule 
the chances are greatly against any sig- 
nificant alteration in properties (Fincham, 
1960). 

In summary, one may say that the hy- 
pothesis of brain polymer sequence altera- 
tion as the molecular basis of memory is 
unlikely because the known template 
mechanisms of polymer biosynthesis pre- 
clude any such changes, and even if such 
changes did occur they would, if large, 
lead to a complete disruption of cell ac- 
tivity, or, if small, to no significant 
change. 

Experimental evidence in support of 
the polymer rearrangement hypothesis of 
memory has been published by several 
workers. This evidence {s indirect and is 
concerned largely with the supposed role 
of RNAs as molecular memory-banks. It 
has been demonstrated that increases in 
total brain RNA occur with age (Cam- 
eron & Solyom, 1961), that the adminis- 
tration of structural analogs of purine 
bases affects rat maze learning (Dingman 
& Sporn, 1961), that treatment with ribo- 
nuclease affects the retention of condi- 
tional responses in regenerated planarians 
(Corning & John, 1961), and that activ- 
ity produces alterations in the base ratios 
of RNA of brain cells (Egyhazi & Hyden, 
1961; Hyden, 1959, 1961). 

Considered as a whole, this evidence 
definitely demonstrates a role for RNA 
in the molecular processes basic to mem- 
ory and learning. But, on _ logical 
grounds, it is necessary first to demon- 
strate that this role is not connected with 
the well-established function in protein 
biosynthesis, before postulating a second 
function involving nucleotide rearrange- 
ments that are improbable on chemical 
grounds. It is the purpose of the follow- 
ing discussion to propose that the mo- 
lecular basis of memory involves changes 
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in enzyme concentration in brain cells, 
and that these changes necessarily involve 
the observed alterations in RNA metab- 
olism. 

It is a well-known principle of genetics 
that all somatic’ cells contain the same 
genes. Each gene (consisting of DNA) 
controls the synthesis of a particular en- 
zyme (Leslie, 1961). Hence every body 
cell has the potential to make the same 
set of enzymes. But it is quite clear that 
there are large enzyme differences be- 
tween cells. Some lack enzymes pos- 
sessed by others, while the concentration 
of a particular enzyme varies widely be- 
tween cells of different tissues (Dixon & 
Webb, 1958). It is apparent that the 
genes of some cells are inactive; in the 
sense that they are not participating in 
protein biosynthesis to any significant 
extent; while others are not functioning 
at their maximum rate. There must exist 
within cells a mechanism (or mecha- 
nisms) to initiate and control the rate of 
DNA, messenger-RNA, and messenger- 
RNA-protein syntheses. The chemical 
basis of these mechanisms is still obscure, 
but many enzymes are known to be in- 
duced by the presence of their substrates 
(Dixon & Webb, 1958). It is possible 
that the presence of substrate within a 
cell initiates synthesis, while the concen- 
tration of substrate determines the rate 
at which a particular enzyme is produced. 
This mechanism could be basic to the 
biochemical basis of memory and could 
operate in the following manner. 

The synapses of the brain are polyfunc- 
tional, in that several terminate 
at the dendrites on any particular neu- 
rone. For this neurone to transmit an 
impulse it must be stimulated. The stimu- 
lus, which is chemically transmitted, can 
come either from a single axon, or from 
a combination of axons discharging to- 
gether. Whether or not the impulse is 
transmitted depends upon whether the 
concentration of released transmitter sub- 
stance reaches the critical level to stimu- 
late the next neurone. Now, the amount 
of transmitter substance manufactured 
and stored by a neurone must depend 
upon several factors: including the activ- 


axons 
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ity within the cell of the biosynthetic en- 
zyme system for the substance. If the 
enzymes of this system are inducible, the. 
exchange of metabolites and demands for 
transmitter substance on repeated stimu- 
lation will increase the neurone’s ability 
to manufacture the substance. Hence on 
the first few stimulations a neurone may 
not release sufficient transmitter substance 
to produce a postsynaptic response, but 
the amount of substance released on sub- 
sequent occasions will be sufficient. 

If this hypothesis is incorporated with 
the concept of polyfunctional synapses 
and interconnecting neurone pathways in 
the brain, it becomes clear that an in- 
creased amount of transmitter substance 
released by any axon following repeated 
stimulation could be the major factor in 
establishing and maintaining the particu- 
lar nervous mechanisms of memory and 
learned behavior. 

Experimental investigation of the hy- 
pothesis could be attempted by a determi- 
nation of whether the enzyme systems for 
the biosynthesis of nerve transmitter sub- 
stances are inducible, and whether there 
is any increase in the amount of trans- 
mitter substance released by an axon 
following repeated stimulation. The re- 
cent reports of variations in cholinesterase 
activity with age, strain, individuals, and 
after learning (Aprison & Himwich, 
1954; Bennett, Krech, Rosenzweig, Karls- 
son, Dye, & Ohlander, 1958; Bennett, 
Rosenzweig, Krech, Karlsson, Dye, & 
Ohlander, 1958; Krech, Rosenzweig, & 
Bennett, 1956, 1959; Krech, Rosenzweig, 
Bennett, & Longueil, 1959) in the brain of 
rats, could well be changes induced by in- 
creased amounts of the transmitter sub- 
stance acetylcholine, which is _ being 
formed by neurones in larger quantities 
due to increased choline acetylase activ- 
ity as suggested by the above hypothesis. 

It will be seen that the hypothesis sug- 
gested here, that the molecular basis of 
memory and learning is basically induced 
changes in the enzyme systems involved 
in the formation and degradation of nerve 
transmitter substances, unlike the hy- 
pothesis of nucleotide sequence rearrange- 
ment, makes no proposal contrary to 
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current biochemical views. Moreover, 
increased concentration of specific en- 
zymes necessarily implies increased ac- 
tivity of the RNA-dependent biosynthetic 
systems for these enzymes. In fact, cer- 
tain definite changes in RNA metabolism 
are predicted by the hypothesis. These 
are outlined below. 

Increases in enzyme concentrations im- 
ply increases in RNA. Considering the 
central nervous system as a whole, learn- 
ing implies the continual establishment of 
new interconnecting neurone pathways. 
Hence a continual increase in brain RNA 
with age is to be expected. The increase 
in any particular neurone will occur rela- 
tively rapidly, but the increase within any 
tissue mass will be slow. 

It is clear that the administration of any 
compound to an animal that will inter- 
fere with the RNA-dependent biosyn- 
theses in neurones will affect learning 
and memory. Azaguanine is such a com- 
pound. It is a structural analog of 
guanine (a purine base that is a major 
constituent of both DNA and RNA). It 
is to be predicted that the presence of this 
analog in brain cells will disrupt the in- 
ductive increase in enzymes, due to an 
inhibition of the DNA- and RNA-depend- 
ent processes necessary for enzyme 
biosynthesis. 

The hypothesis predicts increases in 
those molecular species of RNA required 
for the biosynthesis of enzymes involved 
in the metabolism of nerve transmitter 
substances. Other types of RNA will not 
be altered. Now every molecular species 
of RNA probably has a different ratio 
of nitrogenous bases. Consequently, prior 
to induction the total RNA of a cell will 
have a particular base ratio that is the 
mean of all the individual RNA 
ratios. After induction some types of 
RNA have increased. Hence the base 
ratio of total RNA will now be different. 

It will be seen that the changes in RNA 
metabolism predicted by the enzyme in- 
duction hypothesis are just those that 
have been experimentally reported and 
claimed to support the nucleotide sequence 
It is clear that this evidence 


base 


hypothesis. 
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cannot be used to decide between these 
two alternate hypotheses. 

One further piece of experimental evi- 
dence will be considered. It has been re- 
ported by Corning and John (1961) that 
planarians conditioned to avoid light can be 
cut in two and that after regeneration both 
halves retain the conditional response. 
However, if the planarians are allowed 
to regenerate in water containing small 
amounts of ribonuclease (an enzyme cata- 
lyzing the hydrolysis of RNA), only or- 
ganisms regenerated from “heads” retain 
the response. 

These experiments are difficult to in- 
terpret on several grounds. First, ribo- 
nuclease is a protein and may not diffuse 
into the planarians’ cells, or may not diffuse 
equally into all. Second, there is no evi- 
dence as to the quantity and distribution 
of neurones involved in the response. 
Thus on the enzyme induction hypothesis, 
assuming that the response involves some 
interaction between the head ganglia and 
the somatic neurones, certain 
RNA are necessary to maintain induced 
levels of transmitter substances in particu- 
On treating the 
“tail” with ribonuclease these essential 
RNA levels are reduced to the preinduc- 
tion concentrations. Hence the organism 
regenerated from this portion lacks the 
conditioned response. On either hypoth- 
esis, it is necessary for the ribonuclease 
not to destroy the neurone RNA in the 
head section. Consequently, this experi- 
ment also fails to provide an experimental 
test to distinguish between the two 
hypotheses. 

In summary it may be said that the nu- 
cleotide rearrangement hypothesis of 
memory postulates undemonstrated prop- 
erties of nucleic acids that seem incompat- 
ible with current knowledge, while the 
hypothesis fails to give any satisfactory 
account of how RNA-stored information 
could influence the nervous mechanisms 
of memory. The experimental evidence 
produced in favor of this hypothesis is 
equally compatible with the hypothesis 
that memory is basically dependent upon 
neurone pathways maintained by high 
levels of transmitter substances due to 


levels of 


lar neurone pathways. 
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induced biosynthetic enzymes. This en- 


zyme induction hypothesis is also com- 
patible with reported age and learning 
increases in brain cholinesterase levels: a 
phenomenon not predicted by the nucleo- 
tide rearrangement hypothesis. 
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Wesleyan 


In the of his instructive re 
searches in the mathematics of psycho 
physical scaling, R. Duncan Luce (1959a; 
1959b, p. 29) has recently proposed a 
methodological principle which, if true, 
would have revolutionary import not 
merely for psychophysics, but for em- 
pirical and theoretical research in all 
branches of Moreover, while 
Principle met some- 
thing less than enthusiastic acceptance 
in all quarters (cf. Luce, 1959b, p. 90; 
Mosteller, 1958, p. 287), 
begun to draw upon it as a basis for 
their own work (cf. Galanter & Messick, 
1961). 
premature, however, for the Principle’s 


course 


science. 


Luce’s has with 


have 


others 


Such applications are decidedly 


methodological status is dubious at best. 
As is inevitable for a provocatively novel 
hypothesis, certain ambiguities and un- 


resolved difficulties reside in Luce’s 
initial account, and when these are made 
explicit, it becomes highly problematic 
whether an interpretation can be found 
for the Principle which escapes being 
either vacuously true or empirically false. 

Operating within the context of Ste- 
vens’ theory of scale-types (e.g., Stevens, 
1951),! Luce has proposed that the class 
of transformations defined by a scale- 
type should impose limitations on the 
mathematical of the functional 
relations in which a variable of that type 
can participate. Specifically, it is postu 
lated (Luce, 1959b) that: 


form 


\ substantive theory [i.e., an assumed law ] 
relating two or more variables and the meas- 
urement theories [i.e., assumptions about the 
are appropriate ] for thes« 


be that: 


scale-types which 


variables should such 


1. (Consistency of substantive and measure- 
Admissible 
transformations belonging to 


transiormations 
the class 


ment theories) 


[i.e., 


1] should also like to voice my reservations 
about a number of the conclusions of this 
theory. However, the of these 
doubts must await another occasion. 


substance 


NTENABILITY ¢ 


FF LUCE’S PRINCIPLE 
ROZEBOOM 


University 


defined by the scale-type] of one or more of 
the independent variables shall lead, via the 
substantive theory, only to admissible trans- 
formations of the dependent variables 

2. (Invariance of the substantive 
Except for the numerical values of parameters 
that reflect the effect the dependent 
variables of admissible transformations of the 
independent variables, the mathematical 
structure of the substantive theory shall be 
independent of admissible transformations of 
85 


theory) 


on 


the independent variables (p 


Before putting his Principle to work, 
Luce comments that “one can hardly 
the consistency part of the 
principle,’’ but adds that “the invariance 
part is more subtle and controversial.” 
I shall propose, to the contrary, that if 
this verbal statement of the Principle is 
taken at face value, it is the 
ency” part which is strong and corre- 
spondingly untenable, whereas the ‘‘in 
variance” part is a weakened version of 
the former which need be no more than a 
mathematical truism. 


question 


consist- 


What can be meant when, in the con- 
sistency part of his Principle, Luce 
speaks of a transformation of an in 
dependent variable as Jeading to, via the 
substantive theory, a transformation of 
the dependent variable? The wording 
suggests that the transformation of the 
one somehow compels or induces a trans- 
formation of the other, an interpretation 
which is strengthened when, in 
sequent illustration, Luce refers 
transformation being ‘‘effected on”’ 
dependent variable. This cannot 
mathematical compulsion, however, for 
there is nothing about a lawful relation- 
ship which requires us to rescale one 
variable when transforming 
Thus given the law, ‘The area of a circle 
in square inches is m times its squared 
radius in inches,” if I elect to scale length 
in feet rather than inches, my law simply 
becomes ‘‘The area of a circle in square 
inches is 1444 times its squared radius 


sub 
to a 

the 
be a 


another. 
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in feet.”” (If in this example the re- 
scaling of length is felt—as it should not 
be—to require a corresponding rescaling 
of area, we could instead take, e.g., the 
relation between a person’s height and 
his age.) The apparent meaning of the 
“consistency” stricture comes clearer 
upon examination of Luce’s proffered 
illustration: 


Suppose it is claimed that two ratio scales 
are related by a logarithmic law. An ad- 
missible transformation of the independent 
variable x is multiplication by a positive 
constant k, i.e., a change of unit. However, 
the fact that log kx = log k + logx means 
that an inadmissible transformation, namely, 
a change of zero, is effected on the dependent 
variable. Hence the logarithm fails to meet 
the consistency requirement [italics added] 
(1959b, p. 85). 


So worded, the example does not make 
explicit what happens to the dependent 
variable; however, let y be a function of 
« by the relation and let 
x’ (=aet kx) be the transformed scale of 
the independent variable. Then the 
cited mathematical fact about log kx 
implies that log x’ = log k + log x, or 
y + log k = log x’; so if we wish to find 
a rescaling, y’, of the dependent variable 
which stands in the same relation to x’ 
as that in which y stands to x, it has to 
be y’ = y + log k, which is inadmissible 
(says Stevens) for a ratio scale. As 
demonstrated by this example, therefore, 
what the consistency injunction entails 
is that if an admissible transformation is 
made of the independent variable, then 
there must be an admissible rescaling of 
the dependent variable which leaves the 
mathematical expression of the law in- 
variant—i.e., if y = @x, and x’ is an 
admissible rescaling of x, then there is an 
admissible rescaling, y’, of y, such that 
y’ = ox’. Other than this, it is difficult 
to see what sense could be made of the 
that transformation of the one 
variable ‘‘effects’’ a transformation of the 
other. 

Before defending this interpretation 
against another which also needs to be 
considered, it is useful to state explicitly 
just what happen to a lawful 
relationship, y = @x, under transforma- 


vy = log x, 


notion 


does 
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tion of its variables.2 Let T and U be 
identity preserving (i.e., one-one) trans- 
formations, admissible or otherwise, 


applicable to x and y, respectively. Then 
if x is transformed into x’ by T and y 
is transformed into vy’ by U, we have 
x’ = Tx and y’ = Uy, or x = Tx’ and 
y=U 

theory 


a Hence the substantive 


rewritten in terms of x’ and y’, becomes 


U-ty! = Tx’ 


y’ = UpT—x’ [1] 


Moreover, if it is also the case that 
y’ = ox’, it follows from Equation 1 
that ox’ = UgT x’, or Tx = Udx. 
Let T, be an admissible transformation 
of x, and Ug, similarly, an admissible 
transformation of y. Then the consist- 
ency claim of Luce’s Principle apparently 
requires that if y = ox, the function @ 
must be such that for any admissible 
transformation 74, there corresponds an 
admissible transformation U, such that 
for all values of x, 


Tax = Usbx (2) 


(It is easily seen that if the inverse of @ 
exists, this condition on @ is satisfied if 
and only if @7.@™ is an admissible 
transformation of y.) 

It has been proposed to me that what 
Luce intended the consistency part of his 
Principle to assert is only that if an 
admissible transformation, x’ = 7,x, is 
made of the independent variable in 
y =x, then there must exist some 
relationship ¢’ and an admissible trans- 
formation, y’ = Usy, of the dependent 
variable such that y’ = ¢’x’. Then to 
derive Equation 2, the invariance part of 
the Principle must be construed to 
stipulate that U, can always be chosen 
to set d’ = ¢. But if this is all that the 
consistency claim were to imply, then 
it would have no restrictive force what- 


2 Since x may be construed as a vector, the 
analysis which follows applies to multivariate 
relationships as well as to laws involving only 
one independent variable. 
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soever—we can always take ¢’ = @7~", 
in which case y requires no transforma- 
tion at all—and hence a case could never 
arise, contrary to Luce’s example cited 
earlier, in which the consistency require- 
ment is violated. Moreover, as the in- 
variance part of the Principle is worded, 
it is not strong enough to authorize 
Equation 2 because it insists not on strict 
invariance of @ under admissible trans- 
formations of the variables, but only on 
an invariance of some structure of @. 
But the mathematical form (i.e., struc- 
ture) of a function is hopelessly non- 
additional, as yet 


unique, and unless 


unspecified, conditions are imposed on 


this to-be-invariant form, we may take it 
to be a form common to any function of 
the class { UaéTa~'}—which then leaves 
the invariance condition without any bite. 

In any event, that Condition 2 is, in 
fact, the mathematical nugget which 
Luce (1959b) extracts from the ore of 
his Principle is demonstrated by his 
Table 1. Each entry in the ‘Functional 
Equation” column may be seen to be an 
instance of Equation 2. In view of the 
stiflingly strong consequences (e.g., Luce, 
1959a, Table 2) of Luce’s Principle, what 
can be said to justify it? Despite the un- 
deniable mathematical charm of Equa- 
tion 2, it seems to me that the answer 
must be an uncompromising ‘nothing 
whatsoever.” It will be noticed that 
Luce himself does not actually present 
any argument to support his Principle, 
but in effect merely invites the assent of 
the reader’sintuition. But intuition may 
well be gulled by the ambiguities in the 
verbal statement of the Principle into 
acceding to an innocuous reading of it 
which then imperceptibly slides into a 
not-so-innocuous version. This is es- 
pecially likely for the consistency part of 
the Principle, which Luce 
hardly be questioned even while at the 
same time holding it to imply at least 
some restriction on the form of a law. 
(But it has already been argued that the 
consistency claim is either vacuous or 
carries the full burden of Equation 2 by 
itself.) In any case, in my own methodo- 
logical research I have seen too many 
initially self-evident theses wither away 


insists can 
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under careful probing to have much 
confidence in methodological intuition. 

Pending cognitive support for Luce’s 
Principle, then, how well does it stand 
the test of applicability to established 
laws? Well, as Luce himself points out, 
it is not difficult to find laws (see example 
below) which do not conform to it. 
Luce’s comments on this faux pas carry 
the discussion into a rather different 
problem of vast proportions, but before 
pursuing his lead, we may pause to 
raise an eyebrow at the methodological 
status of a “principle’’ which is not 
binding. To be sure, the verbal state- 
ment of Luce’s Principle does not say 
that all substantiye laws do satisfy the 
Principle, but only that they should 
do so. It is most unlikely, however, that 
what was intended by this wording is 
merely that conformity to the Principle 
is desirable. 
what is, not with what ought to be, and 
if the Principle is to have any scientific 
significance, it must be that Condition 2 
says something about the forms which 
laws are in fact able to assume, and in 
light of which we may limit the forms 
to be considered when speculating about 
laws hitherto undiscovered. But if there 
are perfectly good laws which violate 
Equation 2, then it is difficult to see how 
the Principle could ever by itself impugn 
the legitimacy of any assumption about 
the form of a problematic law. 


Science is concerned with 


If Luce’s Principle is to have any 
methodological force at all, therefore, 
there must exist additional criteria by 
which we can discriminate between laws 
which fall under the Principle’s sover- 
eignty and those which do not. I.uce 
(1959b) has tentatively identified such a 
criterion: ‘‘All physical examples which 
have been suggested to me as counter- 
examples ... have a common form: 
the independent variable is a ratio scale, 
but it enters the equation in a dimension- 
less fashion” (pp. 90 ff.). That is, the law 
can be put into a form in which the 
independent variable, x, is multiplied 
times a parameter, c, whose numerical 
value is determined by the choice of 
scale for x, so that any change in unit 
for x may be absorbed into ¢ without 
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disturbing the rest of the law—i.e., the 
law can be written in form y = @,(x) 
= ¥(cx), which under transformation 
x’ = kx, over into y = ¢e-(x’), 
where c’ = c/k. Luce suggests that we 
can avoid violation of Condition 2 in 
such cases by taking the ‘‘dimensionless”’ 
variable v (=dep cx) as our independent 
variable; then the law becomes y = y(v), 
in which v has no admissible transforma- 
tions and there are hence no restrictions 
imposed on y by Condition 2. Thus a 
more subtle version of Luce’s Principle 
emerges: What is now postulated is not 
that Condition 2 is inviolable, but that 
the laws of nature are always such as to 
be capable of an expression which 
satisfies Equation 2. 

Clearly crucial to this revised formula- 
tion of Luce’s Principle, however, is the 
concept of a variable. 
For if the method for satisfying Equation 
2 in prima facie embarrassing cases is to 
search out a dimensionless expression of 
the independent variables, the restrictive 
force (if any) of the Principle cannot be 
comprehended until we understand what 


goes 


dimensionless 


is involved in such a construction. So 


pregnant a topic as this amply merits 
discussion and controversy, which I will 
do my bit to provoke by injecting some 
irritants which, hopefully, may stimulate 
further 
production of methodological pearls. 


Luce and perhaps others to 

It is my considered opinion that to 
render a variable dimensionless in the 
fashion brought to our attention by Luce 
amounts to nothing but a more or less 
arbitrary selection of one of the admis- 
sible scalings of that variable, and then 
working up an “absolute”’ interpretation 
for that I contend that such an 
interpretation can be found for at least 
one transformation of any 
variable, no matter what its scale type 
(in fact, | would argue that every scale 
can have an absolute interpretation 
forced upon it), and hence that there is 
no law on whose mathematical form the 
revised version of Luce’s Principle could 
impose restrictions. To defend “this 
thesis in full generality is impractical 
remarks to 


Pe ale. 


admissible 


here, so I shall confine my 
ratio scales. 


An example cited by Luce of a law 
which flouts Condition 2, but which can 
be brought to heel by dedimensionalizing 
it, is the law of radioactive decay. If q 
is the quantity, say in grams, of a certain 
radioactive substance S at any time f, 
say the number of seconds after the 
beginning of the Twentieth century, then 


[3] 


where a and 6b are empirical constants. 
So formulated, the dependent variable 
(q) is a ratio scale while the independent 
variable (t) is an interval scale, which 
apparently contravenes not only Condi- 
tion 2 (cf. Luce, 1959b, Theorem 4), but 
also Luce’s suggestion that the only 
violations of Equation 2 are ones in 
which the independent variables are 
ratio scales. However, it is debatable 
whether generalizations such as Equation 
3, in which a time coordinate assumes the 
status of an independent variable, should 
be regarded as genuine laws (cf. Roze- 
boom, 1961, pp. 356f.). If t is an 
arbitrary point in time on the ¢ scale, 
and go is the quantity (on the q scale) 
of S at time to, then Equation 3 may be 
rewritten as 


q = ae 


b(t 


q = doe 
or letting d = gett — to, 
[4] 


Equation 4, in which all the variables 
are ratio scales, relates the quantity (in 
grams) of substance S at the end of a 
given time interval jointly to the in- 
terval’s duration (in seconds) and S's 
quantity (in grams) at the interval’s 
beginning. We can also express Equa- 
tion 4 asa law with only one independent 
variable by dividing both sides by go and 
setting P =det g/go. We then have 


q = qo 


paw, [5] 
which shows what proportion of S at a 
given moment still remains d seconds 
later, and in which the dependent vari- 
able, p, is an absolute, or dimensionless, 
scale. 

Neither Equation 4 nor Equation 5 
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yet satisfy Condition 2,5 but if we now 
ask how long a “‘half-life,’’ L,, substance 
S has—i.e., L, is the value of d for which 
b= .5 in Equation 5—we find that 
Ln, = (In 2)/b, and hence that 


q = (4)4/% [6] 
Then letting d, be the ratio of d to L;— 
that is, if the time duration variable is 
rescaled with the half-life of Sas the unit 
of measurement—we finally obtain 
a= (4 (7] 
in which the independent variable is an 
absolute scale with no admissible trans- 
formations, and which is hence immune 
to any threat from Condition 2. This, 
then, is the sort of procedure which, 
suggests Luce, may be used to placate 
Condition 2 when an empirical law 
involving ratio. scales (e.g., Equation 4) 
appears to disregard it. 
It should 


be appreciated, however, 


that to describe a variable such as da in 
Equation 7 as dimensionless is somewhat 


misleading. The scale is just as much 
dependent upon a unit of measurement 
as it ever was; only now one particular 
unit has been singled out as a preferred 
unit, which determines an absolute scale 
of the variable in the sense (and merely 
in this sense) that there is one and only 
one scale which expresses each value of 
the variable as a multiple of this preferred 
unit. This can obviously be done when- 
ever a preferred unit of measurement has 
been selected, and hence any ratio scale 
law, no matter mathematical 
structure, can in this fashion be put into 
a form which is compatible with Equa- 


tion 2. 


what its 


There is still more gambit by 
which some restrictive force might con- 


ceivably be salvaged for Luce’s Principle: 


one 


3 Equation 4 violates Luce’s Theorem 1 
(1959b), while Equation 5 is especially in- 
teresting in that since its inverse exists and 
its dependent variable has no admissible 
transformations (other than the Identity 
transformation), Condition 2 requires that the 
same be true of its independent variable. 


THEORETIC: 


an Nores 


If a distinction could be drawn between 
natural units of measurement on one 
hand, and merely conventional ones on 
the other, the definition of dimensionless 
scales could be limited to variables for 
which a natural unit is available. While 
it is my belief that ‘‘naturalness’’ in this 
sense is purely a psychological effect 
with little or no methodological signifi- 
cance, I will not argue the point here. 
Instead, I merely invite anyone who feels 
otherwise to state what unit is the 
‘‘natural”’ one for dedimensionalizing the 
time-duration variable in the law of 
radioactive decay. There is nothing 
special about the half-life interval. For 
any proportion r, we could just as well 
take substance S’s r-life, L,, for our 
standard (i.e., L, is the time required 
for S to decay to the proportion r of its 
initial amount), and write our law as 


L,-scale of duration. 


.5 is wholly a matter 


where d, is the 
Preference for r = 
of psychological convenience 


SUMMARY 


The strong version of Luce’s Principle, 
namely, that all laws must conform to 
Condition 2, is not only unsupported by 
reason, but is refuted by counter- 
examples. On the other hand, a modified 
version of the Principle which demands 
of a law only that it be equivalent to one 
which satisfies Equation 2 (or, somewhat 
less generally, that a law is exempt from 
Equation 2 only if its independent vari- 
ables can be dedimensionalized) is vacu 
ous insomuch as any law, no matter how 
seriously at odds with Equation 2 in its 
original form, can be coaxed into com 
pliance with the weakened requirement 
Until further clarifications and supports 
for Luce’s Principle are forthcoming, 
then, it would be questionable strategy 
to limit speculations about possible laws 
to mathematical approved by 
Equation 2. 


forms 
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COMMENTS ON 


ROZEBOOM’S CRITICISMS OF “ON THE 


POSSIBLE PSYCHOPHYSICAL LAWS"! 


R. DUNCAN 


LUCE 


University of Pennsylvania 


The publication of Rozeboom’s (1962) 
criticisms of my paper concerning limita- 
tions on scientific laws of certain types 
(Luce, 1959), together with what we both 
feel are misinterpretations and mislead- 
ing uses of those results, prompt me to 
attempt to clarify some of the issues. 
At the outset, let me admit that 
of the confusion is my fault, due in part 
to an inadequate understanding of the 
wholly 


much 


problem and in part to a not 
satisfactory presentation of the 


have 


ideas 


and results. These failures been 


some readers who seem 


aggravated by 
to have ignored the second half of that 


paper and, thereby, have oversimplified 


its content. 
Rozeboom 
ambiguous statement of the two criteria 


takes me to task for an 
that were suggested as a possible “‘prin- 
ciple of theory construction’’—despite 
these ambiguities, which he has discussed 
in detail, we both agree about the 
mathematical ‘‘nugget’’ to be extracted 
from them, namely his Equation 2. We 
both emphasize that there are physical 
laws that either fail to satisfy this equa- 
tion or satisfy it vacuously, and he thus 
concludes, correctly I now believe, that 
termed a 
point out 


it should never have been 
“‘principle.”” We both 
that whether Equation 2 has any bite in 
limiting the form of a law has something 
to do with the existence of dimensional 
law. We 
emphasis to place 
Because I believe 


also 


parameters in the seem to 
differ mainly on the 
upon this distinction. 
that it is extremely important, I should 
like to make a few remarks about it. 
Among the various lawful statements 
that can be found in any science, Roze 
boom and I are restricting our attention 
be called function laws 


to what may 


1 This work was supported in part by 
National Science Foundation Grant G-17637 
to the University of Pennsylvania. 


the assertion of a functional relation 
among several variables, each of which 
can be represented as a simple numerical 
scale with certain invariance properties 
dictated by its measurement theory. As 
a specific example, from which we will 
the familiar law 
denotes energy, m 


generalize, consider 
E = mc*, where E 
denotes mass, and ¢ the velocity of light 
in a vacuum, all measured in some con 
sistent set of units. It will be convenient 
to think of this law in the form E — mc* 
= (0. The first thing involved in this 
physical law is the assertion that there 
exists a particular function of three var 
iables, call it y, such that all physically 
satisfy 


realizable values of E,m, and « 


V(E, m,c) = 0 

But there is a good deal more intended 
than just this mathematical 
equation. For example, not all of the 
arguments in the equation are of the same 
they are constrained in different 
ways. We usually speak of £Z as the 
dependent variable, m as the independent 
dimensional pa 


simple 


type: 


and ¢ as a 
rameter. By these words we mean such 
things as this: that certain of the 
symbols can assume arbitrary (positive) 
values and that the law then constrains 
others to have particular values, that 
other symbols represent constants that 
cannot be experimentally manipulated, 
and that certain measurement trans- 
formations of some of the symbols can be 
carried out provided that the trans- 
formations are admissible according to 
the measurement theories for these 
variables and that certain variables and 
parameters are transformed in prescribed 
ways. In other words, the statement of a 
law involves not only the usually written 
equation, but also certain specifications 
which values can be arbitrarily 
variables can be 


variable, 


about 


selected, about which 
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which 
pre- 


and about 


transformations are 


freely transformed, 
values and 
scribed when these choices are made. 
To generalize from the example, we 
distinguish three kinds of symbols that 
enter into our functional relation (the 
distinctions among them are rendered 
more precise later): There are m+ 1 
variables, one of which is designated as 


1. the dependent variable, y, and it 
assumes valuesina set Y of real numbers, 


and the other m 2 1 are designated as 
, and they 
assume values in, respectively, sets X; of 


2. independent variables, 1 


real numbers; in addition, there are 
3. n > O dimensional parameters, aj. 
\ssociated with each of these quantities 
is a group of admissible transformations. 
In the case of a variable, the group is 
determined by its measurement theory 
whereas, in the case of a parameter, it is 
simply included as part of the statement 
of the law. We denote these groups by 
Y, X;, and A;. The 
transformation groups found in science 
include the affine group (multiplication 
by a positive constant), the full linear 
group, and the group of strictly mono- 
—corre- 


more common 


tonic increasing transformations 
sponding, respectively, to what are 
called ratio, interval, and ordinal scales. 

Once the variables, parameters, and 
groups are listed, the 
statement of a then involves two 
distinct assertions. First, a particular 
function Y of 1+ m+n variables is 
given which has the property that for 
any physically realizable choice of x;€Xj, 
t= 1,2,--+, m, any physically realizable 
-, Xm)eY of the dependent 
variable satisfies 


transfprmation 
law 


value y(m, °° 


Second, for any set of (admissible) 


transformations 7\eX,;, 7 = 1, 2, +--+, m, 
of the 

exists an 
U(T,, 
able 


independent variables, there 


(admissible) transformation 
+++, T,)€¥ of the dependent vari- 
(admissible) trans- 


coo, Tuleh, J = I, 2, 


and a set of 


formations §;(7T), 
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-,n, of the dimensional parameters 


such that 
v(y, Mi,°°° 
implies 


¥[ U(T:, °°°, Tu)% Tit? **s Takes 


Si(T, °**, Tm)a1, 


The first part of such a law, the func- 
tion relating the variables, 
stated explicitly, but the second part is 
often implicit. It is simply a convention 
that scientists know and take for 
granted. For example, if a decay law for 
a particular radioactive material is 


is always 


q= qoe~°-14# 


when the time ¢ since a certain event is” 


measured .in then everyone 
knows that if we measure time in hours 
we must change the time constant from 
0.14 to (0.14) (360) = 50.4. 

Despite the fact that they are often 
left implicit, these transformation prop- 
erties are important and must be made 
explicit in a full statement of a law. 
Indeed, one of the things that 
tinguishes theoretical science from a 
collection of simple numerical assertions 
are the among admissible 
transformations. In addition, the rela- 
tions among transformations make the 
distinctions among-the arguments of a 
law more than just linguistic convencions. 
Note that the independent variables are 
the arguments of Y whose values in the 
first part and whose transformations in 
the second are selected arbitrarily; the 
value and transformation of the de- 
pendent variable are both determined 
via the law by those of the independent 
variable; and the value of a dimensional 
parameter is independent of the values of 
the variables and its transformation is 
determined by applied to the 
independent variables. It is often pos- 
sible to restate the law so that a different 
variable is treated as dependent; but 
this is not always possible, as for ex- 
ample, when the dependent variable is a 
periodic function of the independent 


seconds, 


dis- 


relations 


those 


ones. 
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Now consider a law (such as F = ma) 
that includes no dimensional parameters, 
and suppose that the solution y of 


is unique, i.e., there is 
variables such that 


y = (x, °°° 


solves the above equation.: Then the 
second part of the law can be rewritten 
as: for any TyeX;, « = 1, 2, +--+, m, then 
there exists U(7T,, ---, Tm)€¥Y such that 
if 

y = (x1, °°*, Xm) 
then 

Tm)¥ = O(Tix1, +++, TuXm) 
Substituting the first of these equations 
into the second, we obtain the following 
restriction on the function 


Tm) (2 


+. Sead 
O(T 1X1, °°°, Tukmn 
is Rozeboom’s Equation 2 for m 
independent includes the 
several special cases investigated in Luce 

1959). For ratio interval 
and m = 1, it that, 
from numerical constants, there are very 
few possible solutions ¢ to this functional 
equation. 

When dimensional parameters are ad- 
mitted, the resulting equation is very 
much less restrictive. Specifically, with 
one independent variable and one dimen- 
the argument 


which 
variables; it 
and scales 


was shown aside 


sional same 


le ads to 


parameter, 


T)o(x, a) = o[Tx, S(T)a] 


which has many possible solutions. For 
example, suppose that both y = @(x, a) 
and x are variables measured on ratio 
scales, and suppose that f is an arbitrary 
function of one variable. A solution to 
this equation is (x, a) = f(xa) provided 
that when x is transformed by Tx = kx, 
then U is the identity transformation 
and S = T—",i.e., Uy = yand Sa = a/k. 

Two conclusions seem justified. First, 
Rozeboom is correct in saying that the 
equation that results when there are no 


dimensional parameters is much too 
restrictive to be called a principle of 
theory construction. Second, and this 
I feel to be the main thrust of both my 
1959 paper and this note, psychologists 
(as well as other scientists) either are 
restricted to a very few possible types of 
laws (in the case of one independent 
variable, to those given in my 1959 
paper when the variables are measured 
on either ratio or interval scales) or they 
cannot avoid including dimensional pa- 
rameters in the statement of their laws. 
Not only must these parameters be 
written explicitly, but a careful prescrip- 
tion should be included about how they 
transform as a function of admissible 
transformations of the independent vari- 
ables, for otherwise the statement of the 
law is incomplete. Following the prac- 
tice of physicists, the transformational 
aspects of laws are often not made 
explicit. This does not seem to create 
serious problems when the transforma- 
tions are limited to the affine group 
(ratio scales), but matters are much less 
obvious when interval and weaker scales 
are involved. In these cases, which often 
seem to arise in psychology, it is essential 
that careful attention be given to the 
transformation properties of the vari- 
ables and parameters. 

Finally, the problem remains whether 
or not the number of dimensional pa- 
rameters involved in the statement of a 
law is of any inherent importance. Some 
physicists seem to feel that such pa- 
rameters are undesirable and that their 
total number in a science should be held 
to a minimum. My earlier results 
strongly suggest that the minimum can- 
not possibly be zero. Although psy- 
chologists have hardly begun to face 
these problems, inevitably they will. At 
that time, it would be useful to have a 
better understanding of the role of 
dimensional parameters than we 
now. In physics they have meaning— 
the velocity of light, the density of a 
substance, the viscosity of a fluid, the 
gravitational constant, etc.—and they 
recur in various combinations in different 
As yet, we have little of this in 


have 


laws. 
psychology. 
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SUMMARY 


It is pointed out that certain scientific 
laws assert not only a functional relation 
among variables and dimensional pa- 
rameters, but that they also state what 
transformations on the dependent vari- 
able and the necessary 
for the 
when 
applied 


parameters are 
function to be 
transformations are 


same satisfied 
admissible 
to the independent 


there are no dimen- 


variables. 
when 


It is shown 
sional parameters, these transformation 


conditions are very restrictive but that 


they are not when one or more dimen- 


sional parameters are present. The con- 
clusion is that psychological laws will in 
general involve dimensional parameters 
and that it is necessary to state carefully 
the transformational aspects of the law. 
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COMMENT 


WILLIAM W. 


ROZEBOOM 


Wesleyan University 


I am grateful to the Editor for allowing 
me this opportunity to my 
pleasure at Luce’s gracious acceptance of 


express 


my criticisms of his earlier paper, and to 
record full endorsement of his 
present conclusions. Briefly, the point is 
simply this: If a law is stated without 


my 


these transformations—and I think that 
Luce is quite right in his judgment that 
this assumption is normally made, though 
I am much less convinced of its methodo- 
logical necessity—then it will usually be 
necessary to include scale parameters in 
the whose and trans- 


law meanings 


stipulation of one particular scale for 
each of the variables involved, and if, 
moreover, it is intended that alternative 
scaling of counte- 
nanced, then it is also necessary to make 
explicit provision in the law’s statement 
for the manner in which the contemplated 
transformations will affect it. In 
ticular, if it is assumed that the function 
relating the variables is invariant under 


formational behavior also require study 
Thanks to 


explicit awareness of this need has now 


and _ clarification. Luce, 


these variables be 


been entered in the mainstream of psy- 
chological literature, and a few more 
bolts on psychology’s shaky methodo- 


par- logical scaffolding have begun to tighten. 
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ERRATA 


In the article by Frank Restle entitled ‘‘The Selection of Strate- 
gies in Cue Learning” (Psychol. Rev., 1962, 69, 329-343), the first 
equation at the top of page 333 should read: 


4 Ny — Bes 
Ne + Nir Naa 


meee Nay — 


Na,j — 


igo Np j—1 
N23; 2 
Na,j 


N. + N; =— Na.2 cei aa Na,j — N; 


In the Errata on page 378 of the same issue, a line was omitted. 
It should read as follows (the omitted line appearing in italics) : 


“In the table of contents on the front cover of the May 1962 
issue, the title of the article by Joan E. Jones should read as follows: 
‘Contiguity and Reinforcement in Relation to CS-UCS Intervals 
in Classical Aversive Conditioning’.”’ 
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